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ABSTRACT
RNA-SEQ AND MECHANISTIC ENZYMOLOGY CONFIRM RNA SELFTEMPLATED EXTENSION BY T7 RNA POLYMERASE AND SUGGEST
NOVEL APPROACHES TOWARDS IMPROVED IN VITRO RNA SYNTHESIS
SEPTEMBER 2019
YASAMAN GHOLAMALIPOUR, B.A., SHIRAZ UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Craig T. Martin
Synthetic RNA is widely used in basic science, nanotechnology and therapeutics
research. The vast majority of this RNA is synthesized in vitro by T7 RNA polymerase.
However, the desired RNA is generally contaminated with products longer and shorter than
the DNA-encoded product. To better understand these undesired byproducts and the
processes that generate them, we analyzed in vitro transcription reactions using RNA-Seq
as a tool. The results unambiguously confirmed that product RNA rebinds to the
polymerase and self-primes (in cis) generation of a hairpin duplex, a process that favorably
competes with promoter driven synthesis under high yield reaction conditions. This process
is heterogeneous, both in initial priming and in the extent of priming, and already extended
products can rebind for further extension, in a distributive process.
In addition, we established an effective strategy to improve RNA synthesis by T7
RNA polymerase. We demonstrated that addition of a DNA oligonucleotide that is
complementary to the 3’ end of the expected runoff RNA effectively prevents primer
extension. Moreover, the presence of this competing capture DNA during ‘high yield’
transcription, leads to an increase in the yield of expected runoff RNA by suppressing the
formation of undesired longer RNA byproducts.
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Additionally, replacement of uridine with pseudouridine has been used commonly
in RNA therapeutics to synthesize RNA with reduced immunogenicity, however, the exact
mechanism remains unclear. We investigated the impact of pseudouridine on the formation
of longer RNAs by RNA-Seq. Pseudouridine reduces the formation of longer double
stranded RNAs, however, the mechanism is sequence-dependent and varies based on the
position of pseudouridine in RNA. In addition, we utilized RNA-Seq to determine the
effect C2’-methoxyl modified nucleotide on the transcription profile, since this
modification has been used to prevent the formation of n+i additions. The modified
nucleotide with ribose 2’-methoxyl at the 5’ end of DNA template leads to early
termination (n-1) and consequently a change in the distribution of primer extended
products. Altogether, this study demonstrates the application of RNA-Seq and mechanistic
enzymology to gain insight into T7 RNA polymerase and using these understandings to
improve both purity and yield of RNA synthesis.
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CHAPTER 1
INTRODUCTION

1.1 RNA as a new direction for biotechnology and therapeutic applications
RNAs such as messenger RNAs (mRNAs), transfer RNAs (tRNAs), and ribosomal
RNAs (rRNAs) are critical in the synthesis of proteins. In addition, it has been shown that
many noncoding RNAs like small interfering RNAs (siRNAs), microRNAs (miRNAs),
riboswitches, and long noncoding RNAs (lncRNAs) play important functional roles in
regulating the gene expression both transcriptionally and post-transcriptionally (1–7).
The recent revolution in basic RNA biology has led to new and promising
applications of RNA in biotechnology and RNA-based therapeutics (8). Initially, the
development of RNA-based drugs faced challenges such as being prone to degradation by
RNases inside cells, and the need for intercellular delivery methods. However, advantages
like the involvement of RNAs in many regulatory functions, high target specificity and
selectivity, and being active on targets that are not druggable, rapidly emerged RNA as a
potential candidate for therapeutics.
Most RNA-based drugs like antisense oligos (ASOs), small interfering RNAs
(siRNAs), microRNAs (miRNAs), and small guide RNAs (sgRNA) for CRISPR
applications, function based on the antisense mechanism, in which they form sequence
specific base-pairing with their target (Figure 1.1A-E) (9). These RNA-based drugs can be
used to modify pre-mRNA splicing, to knock down the expression of a gene, and to edit
DNA genome (10–13). Moreover, a new class of RNA-base drugs, messenger RNAs
(mRNAs), has emerged to express protein inside cells for replacement therapy or vaccine
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applications, without modifying the genome (Figure 1.2A) (14–16). Another prospective
class of RNA-based drugs is aptamers, which bind to target ligands with high specificity
and affinity (Figure 1.2B). Aptamers can be used to deliver other RNA-based drugs, like
siRNAs, to target cells (17–19).
At the same time, the contribution of long noncoding RNA (lncRNA) in cancer and
osteoporosis supports their potential promise as RNA-based therapeutics (20, 21).
Meanwhile, synthetic biology utilizes RNAs (natural and synthetic riboswitches) to
engineer circuits, logic gates, and novel class of riboregulators (22, 23).

Figure 1.1 RNA-based drugs with antisense mechanism. (A) antisense oligos (ASOs), (B)
small interfering RNAs (siRNAs), (C)(D) microRNAs (miRNAs), and (E) small guide
RNAs (sgRNA), function by forming base-pairing interaction with their target RNA or
DNA. (Adapted from (8))
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Figure 1.2 RNA-based drugs with other mechanisms. (A) mRNA drugs express protein
inside cells. (B) Aptamer-based drugs can be used to deliver other molecules with targeted
intracellular delivery. (Adapted from (8))

1.2 Current approaches for synthesis of RNA
One of the key requirements for the application of RNA in biotechnology and RNA
therapeutics is to develop a method for large scale production of RNA with high fidelity.
One method is chemical (phosphoramidite) synthesis of RNA which is practical and
common for short RNAs such as siRNAs (24). However, this method is expensive and has
a coupling efficiency of 98-99%, which leads to a very low yield for longer RNA lengths
(25). Splinted ligation can be used to make longer RNAs, however, the downstream yield
is also reduced with each ligation (26, 27). Another common approach in specific for long
RNAs such as lncRNAs and mRNAs is synthesizing RNA in vitro using T7 RNA
3

polymerase (or one of its close relatives), as this enzyme can synthesize high yield of very
long RNAs with high fidelity (28, 29).

1.3 T7 RNA polymerase for in vitro transcription of RNA
T7 RNA polymerase is a single subunit DNA-dependent RNA polymerase, which
is used widely to synthesize RNA for different systems and applications. The enzyme has
two different conformations during transcription, initiation complex and elongation
complex. In the initiation complex, the promoter binding region of the N terminal domain
(Figure 1.3, pink) recognizes the T7 promoter sequence with the help of the specificity
loop. Upon binding of the enzyme to the promoter sequence, it melts the DNA near the
start site, forms an 8-base transcription bubble downstream of its binding, and adds
complementary nucleotides in the active site to synthesize templated RNA (30). The first
8 to12 bases of RNA are synthesized in the initiation complex, but as RNA grows in length,
the hybrid pushes on the N-terminal domain. The enzyme and promoter DNA contacts act
as a barrier and destabilize the initiation complex, which consequently leads to the release
of promoter contacts and transition to the elongation complex. During this large
conformational change, the rotation of N-terminal domain (>220°), leads to the formation
of RNA and DNA exit channels and therefore elongation of RNA with less structural
constrain (Figure 1.3) (31–34).
Despite the fact that T7 RNA polymerase is a highly processive enzyme, which
synthesizes the expected runoff RNA with high fidelity, it also generates short RNAs (2-6
nucleotides) during abortive cycling, RNAs that are shorter than the expected runoff RNA
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(early termination), and also RNAs longer than templated RNA (28, 35, 36). This
contaminant RNAs leads to inefficient quality and accuracy for many applications.

Initiation Complex

Elongation Complex

promoter DNA

nontemplate

Runoff

template

RNA polymerase

Initiation

Initial transcription

Elongation

Rn, n-1, n-2

Figure 1.3 In vitro transcription by T7 RNA polymerase. The enzyme undergoes large
structural changes in the transition from initiation to elongation complex. Initiation
complex (pdb-1qln), elongation complex (pdb-1msw). Pink: N-terminal, Yellow:
Specificity loop, Dark blue: Template, Green: Nontemplate, and Red: RNA.

1.4 Origin of transcription byproducts by T7 RNA polymerase
Even though that T7 RNA polymerase is a DNA-dependent RNA polymerase, it
also possesses some RNA-dependent activity either in the presence or in the absence of the
double stranded T7 promoter sequence (37, 38). Previous studies showed that this enzyme
sometimes also acts like viral RNA-dependent RNA polymerase which leads to selfreplication of a specific RNA sequence (39–41).
The formation of longer than template encoded RNA products during synthesis by
T7 RNA polymerase has been reported several times, with different potential mechanisms.
5

One proposed mechanism is the nontemplated addition, in which the enzyme first
synthesizes the expected runoff RNA, and then adds random nucleotides to the 3’ end of
the RNA (28, 36, 42, 43). Nontemplated addition can lead to the formation of n+1, n+2 or
even longer RNA byproducts (Figure 1.4). It has been reported that a C2’-methoxyls
modification at the 5’ end of the DNA template can reduce this nontemplated addition, and
lead to an increase in the yield of the expected runoff RNA (43).
Another suggested mechanism for the formation of longer RNA byproducts is
template strand switching. In this mechanism, T7 RNA polymerase first synthesizes the
desired RNA from DNA template and then jumps across to the 5’ end of DNA nontemplate
and transcribes from it (Figure 1.4). Repeated strand switching can even produce higher
molecular weight products (44, 45).
Moreover, one commonly proposed mechanism is RNA template-directed RNA
synthesis, which occurs if the 3’ end of the runoff RNA indicates some selfcomplementarity (38, 46–49). In this mechanism, T7 RNA polymerase first produces the
desired RNA and then extends it to longer lengths by using the RNA itself as a template
(Figure 1.4). This extension can occur intramolecularly in which the 3’ end of the RNA
sits back on itself in an upstream region and primes its extension to longer RNAs (cis
primed extension, Figure 1.4) (48). It also can occur intermolecularly in which the 3’ end
of RNA sits and primes its extension on a second RNA in the solution (trans primed
extension, Figure 1.4) (49). RNA template-directed primer extension can produce n+1,
n+2, and longer RNA byproducts. It also can extend RNA further with multiple rounds of
extension events (38). It is important to mention that primer extension reactions result in
the formation of double stranded RNAs.
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Recently, it also has been reported that T7 RNA polymerase can initiate
transcription from the 3’ end of nontemplate strand which does not contain the T7 promoter
sequence, leading to the formation of antisense RNA. The resulting antisense RNA is
complementary to the expected runoff RNA, which leads to the formation of double
stranded RNAs (50).

Template
strand
switching

Inter/trans
primed extension

Runoff

Nontemplated
addition
(n+1, n+2)

Intra/cis
primed extension

Figure 1.4 Potential mechanisms for the formation of longer undesired RNA byproducts
by T7 RNA polymerase. T7 RNA polymerase at the end of DNA template can either add
nucleotides randomly (nontemplated addition) or jump to DNA nontemplate and continue
transcribing from it (template strand switching). T7 RNA polymerase can also rebind to
the released runoff RNA in cis or trans and extend the RNA to longer lengths (cis and trans
primed extension).

1.5 In vitro transcribed RNAs for therapeutic applications and the immune response
In vitro RNA synthesis has been used to produce RNAs including siRNAs,
aptamers, mRNAs, and gRNAs for many therapeutic applications (14, 17, 51–54). For
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short RNAs such as siRNAs, it is common to produce RNA with chemical synthesis.
However, for cost-effective and high yield production of long RNAs such as mRNAs, in
vitro transcription of RNA by T7 RNA polymerase is desired.
One of the challenges with in vitro transcribed RNAs for therapeutic applications
is the activation of the innate immune response by transcription products and byproducts
(55). Endosomal and cytoplasmic pattern recognition receptors (PRRs) in eukaryotic cells
consisting Toll-like receptors (TLR3, TLR7, and TLR8), and RLRs such as retinoic acidinducible gene I (RIG-I), and melanoma differentiation-associated protein 5 (MDA5),
detect foreign single and double stranded RNAs and induce the innate immune response
(Figure 1.5A) (56–64). Besides, double stranded RNAs activate enzymes including protein
kinase RNA-activated (PKR), oligoadenylate synthetase (OAS), and RNA-specific
adenosine deaminase (ADAR). PKR activation results in translation inhibition and
consequently reduced protein synthesis (65, 66). Activation of OAS by double stranded
RNA leads to degradation of cellular and foreign RNAs (67). ADAR activation causes the
conversion of adenosine (A) to inosine (I). This conversion disrupts the normal A:U basepairing interactions which accordingly destabilizes the RNA and reduces the protein
synthesis (68).
However, the incorporation of naturally occurring nucleotides in RNA such as
pseudouridine

(Ψ),

1-methylpseudouridine

(m1Ψ),

5-methyluridine

(m5U),

5-

methylcytidine (m5C) or 6-methyladenosine (m6A) eliminates the activation of the innate
immune response (69). Moreover, it has been shown that the total substitution of uridine
with pseudouridine or 1-methylpseudouridine during transcription of mRNA, leads to the
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formation of non-immunogenetic mRNA with high stability and translational capacity
(Figure 1.5B) (70).
As a result, pseudouridine or N1-methylpseudouridine has been used commonly by
different research groups and RNA therapeutic companies to reduce the immunogenicity
of in vitro transcribed RNAs (70–72). However, it still remains unclear how this base
modification modulates the immunogenicity. Some reports showing that pseudouridine
prevents the recognition of in vitro transcribed RNA by sensors (69, 71, 73). It also has
been demonstrated that this base modification can eliminate the formation of some
undesired byproducts (50, 74). As it is mentioned above, in some cases irregular
transcription from DNA nontemplate leads to the formation of the antisense RNA, which
pairs with the expected runoff RNA and forms a double stranded RNA. It has been
demonstrated that pseudouridine base modification prevents the formation of the antisense
RNA, and thus suppresses the innate immune response (50).
Furthermore, in vitro synthesized RNAs may contain multiple contaminations,
including double stranded RNA which are immunogenetic. Therefore, it is important to
remove these byproducts before any therapeutic applications. The most common approach
to remove RNA byproducts for therapeutic applications is ion pair reversed-phase highperformance

liquid

chromatography

(HPLC).

Yet,

this

method

has

several

disadvantageous including high cost, low downstream yield, scalability, and toxicity (75,
76). Another recently reported method for the removal of double stranded RNA is
cellulose-based isolation, which removes double stranded RNAs from a pool of
transcription (77). The current purification methods may help with the purity of RNA to a
great extent however, the yield of RNA remains low.
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A

B

Figure 1.5 Base modification for therapeutic applications of in vitro transcribed RNA. (A)
RNA sensors detect single and double stranded RNAs inside cells (Adapted from (64)).
(B) Structures of uridine (U) and modified nucleotides pseudouridine (Ψ) and 1methylpseudouridine (m1Ψ) (Adapted from (50))

1.6 Objective of this study
This study describes the use of biochemical studies and RNA-Seq to study
mechanistic enzymology of T7 RNA polymerase in the synthesis of transcription products
and byproducts. Such mechanistic understanding is applicable to improve RNA synthesis
yield and purity. In order to get more detailed information about the transcription profile,
as we described in Chapter 2, we developed an RNA-Seq approach, which allows us to
analyze products lengths, sequences, and distributions. In this work, we mostly focused on
byproducts that are longer than the expected runoff RNA and the possible mechanism that
generates them. We found that such longer RNAs are formed predominantly by cis primer
extension. In cis primer extension, T7 RNA polymerase first synthesizes the expected
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runoff RNA and release it. Then the released runoff RNA rebinds to the polymerase by
folding back on itself in an upstream region and primes its extension to longer RNA
products, if it has some complementarity with a sequence in the upstream region (n+1,
n+2, and longer). We also showed that cis primer extension competes with promoterdriven transcription in the high yield reaction conditions, used by many researchers to
produce RNA, leading to a reduction in the yield of the expected runoff RNA. Our results
also indicate that this process is heterogenous and distributive, rustling in further extension
of RNA to even longer lengths.
Chapter 3 is focused on the application of our deep mechanistic understanding in
order to develop a novel method to inhibit the formation of undesired long double stranded
RNAs. In this work, we indicated that primer extension of RNA, even in the high yield
transcription conditions, can efficiently be prevented by the addition of a short DNA
oligonucleotide (Capture DNA) which is complementary to the 3’ end of the expected
runoff RNA. This approach improves both the purity and yield of the expected runoff RNA,
by suppressing the formation of double stranded RNAs.
In Chapter 4, we investigated the impact of base modification pseudouridine on
transcription profile and more specifically on the formation of double stranded RNAs. We
demonstrate that this base modification reduces the formation of double stranded RNA in
a sequence-dependent manner (position of pseudouridine). We observed a reduction in
primer extension in constructs that have this base modification in the stem-loop region. We
also examined the effect of pseudouridine as both the templating and the incoming base
during cis primer extension. We demonstrate that pseudouridine incorporates adenosine
with lower efficiency than does uridine, which slows the primer extension to some extent.
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In addition, in Chapter 5 we tested the effect of C2’-methoxyl modified nucleotide
at the 5’ end of DNA template on preventing the formation of longer (n+i) RNA
byproducts. Our data suggest that the modified nucleotide has low efficiency to encode the
opposite base, leading to early termination (n-1). The early terminated nucleotide shows a
different pattern of primer extension depending on the sequence of RNA.
Finally, in Chapter 6, we express how biochemical studies and RNA-Seq approach
can provide us detailed mechanistic enzymology information, and how this approach can
be used to gain insight into T7 RNA polymerase or other enzymes. We demonstrate the
promise of using RNA-Seq to determine the sequence dependencies to guide RNA
sequence re-design. Additionally, this profound understanding can help further to improve
RNA synthesis by preventing the formation of abortive RNAs and also early terminated
RNA byproducts (sequence dependency).
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CHAPTER 2
3’ END ADDITIONS BY T7 RNA POLYMERASE ARE RNA SELFTEMPLATED, DISTRIBUTIVE, AND DIVERSE IN CHARACTER – RNA-SEQ
ANALYSES
This Chapter describes the use of RNA-Seq and biochemical studies to better
understand undesired RNA byproducts of in vitro transcription by T7 RNA polymerase
and the processes that generates them. This chapter was published in the article “ 3’ end
additions by T7 RNA polymerase are RNA self-templated, distributive, and diverse in
character – RNA-Seq analyses” in the journal of Nucleic Acids Research and accorded the
status of a “Breakthrough Article” for providing exceptional new insight and understanding
into this critical system (78).

2.1 Introduction
Transcription at its simplest is complex, but relatively straightforward: RNA
polymerase binds its promoter sequence through interactions largely upstream of the start
site of transcription, melts the DNA near the start site, initiates de novo (unprimed)
synthesis of RNA utilizing the exposed template DNA, transitions through an unstable
initial transcription (abortive) phase, and then elongates the RNA faithfully until a
termination event occurs or, in vitro, until the enzyme reaches the end of a linear template
(79–84).
T7 RNA polymerase and other enzymes from related bacteriophages are highly
processive DNA-dependent RNA polymerases, consisting of a single subunit (85, 86). T7
RNA polymerase is highly specific for a relatively small consensus promoter sequence
13

upstream of the start site (79, 87), and transcribes the expected runoff RNA products with
high incorporation fidelity (88). During initial transcription, prior to promoter release,
RNA polymerase produces “contaminant” abortive RNAs from 2 to 6 nucleotides in length
(28, 89). Less widely addressed, but nevertheless well known, in vitro transcription
reactions often produce RNAs shorter (n-i) or longer (n+i) than the template-encoded
products (28, 36).
It has also been reported that T7 RNA polymerase is able to synthesize RNA from
single and double stranded RNA, in the presence of the double stranded DNA promoter
sequence (37). Additionally, T7 RNA polymerase can produce RNA in the absence of
promoter DNA. Konarska and Sharp demonstrated that T7 RNA polymerase in some cases
behaves like viral RNA-dependent RNA polymerases and self-replicates specific RNA
sequences (RNA X) (39–41). Furthermore, it has been shown that synthesized runoff RNA
can be extended to longer RNA products by RNA priming using RNA template-directed
RNA synthesis (38). In principle, RNA extension can occur if the 3’ end of runoff RNA
has sufficient complementarity to sit down in trans on a second RNA or fold back on itself
in cis, to form extendible inter (49) or intramolecular (48) duplexes, respectively. The
current work expands on this general result.
In this chapter, we develop an approach to augment classical gel electrophoresis
with next generation RNA-Seq analysis of in vitro transcription reactions. This approach
allows one to analyze RNA product lengths, as does gel electrophoresis. However, it also
provides the sequence of each product, including the distribution of sequences within a
given length of RNA. This is particularly important for n+i RNA products arising from
events beyond the desired, template-encoded transcription.
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In particular, these studies unambiguously confirm an earlier model in which RNA
folds back on itself in cis to prime the self-templated extension (48). We also demonstrate
that, as expected, production of such unintended products increases dramatically with
overall RNA product yield, since the requisite rebinding of priming template RNA to T7
RNA polymerase increases as its concentration increases in the solution. We also
demonstrate that this process is characterized by substantial heterogeneity, both in the
priming structures and in the lengths of extensions. The data support a model in which the
synthesis of longer extensions is distributive in nature, with extended products rebinding
for further extension. Finally, we provide evidence that even short extensions (n+1, n+2,
etc.), previously assumed to be nontemplated (28, 36, 43), are largely templated through
the same overall mechanism.

2.2 Material and methods

2.2.1 In vitro Transcription by T7 RNA polymerase
Template and nontemplate DNA oligonucleotides shown in Appendix Table A1
were purchased from Integrated DNA Technologies (IDT). Most transcription reactions
were carried out with constructs in which the nontemplate strand extends only to position
+2, a common practice in the field (28, 90). However, it is important to note that after the
first round of transcription, the downstream template is unlikely to remain single stranded,
as product RNA will bind and serve as the nontemplate strand in that region.
“Low yield” transcription reaction contained 2 µM each of template and
nontemplate DNA, 0.5 µM T7 RNA polymerase, 0.6 mM GTP, and 0.4 mM each of CTP,
ATP, and UTP. Reactions were carried out in a buffer containing 15 mM magnesium
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acetate, 30 mM HEPES, 25 mM potassium glutamate, 0.25 mM EDTA, 0.05% Tween-20
at 37 ºC for 5 min.
To be representative of common practices, “high yield” transcription was
performed using the HiScribe™ T7 High Yield RNA Synthesis Kit (New England
BioLabs), in a transcription mixture containing 2 µM each of template and nontemplate
DNA, 1.5 µL of T7 RNA Polymerase Mix™ for 20 µL reaction volume, 7.5 mM each of
GTP, ATP, CTP, and UTP, in the T7 Reaction Buffer (New England BioLabs). The
reaction was incubated at 37 ºC for 4 h.
Primer extension on synthetic 24mer RNA (purchased from IDT, sequence is
shown in Table A1) was performed under the above “low yield” condition, with 25 µM
RNA replacing template DNA. Reactions were carried out at 37 ºC for 5 min and for 4 h,
as indicated.
RNase Inhibitor Murine (New England BioLabs) was added to each transcription
mixture before and after the reaction, to inhibit any RNase activity. All reactions were
stopped by heat inactivation at 70 ºC for 5 min.

2.2.2 Denaturing gel electrophoresis and radiochemical labeling of the synthetic RNA
Transcripts (expected size: 24 bases) were analyzed by 20% polyacrylamide, 7 M
urea denaturing gel electrophoresis, and then visualized by SYBR™ Green II RNA Gel
Stain (Invitrogen) or in some cases by radiochemical labeling of the 5’ end of the RNA
with [γ-32P] ATP (PerkinElmer). For 5’ radiochemical labeling of the synthetic RNA, 50
µM of the synthetic RNA was incubated in the T4 polynucleotide kinase buffer, with
[γ-32P] ATP (PerkinElmer) and 1 µL (10 Units) of T4 polynucleotide kinase (New England
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BioLabs) in a 10 µL reaction volume at 37 ºC for 30 min, and then heat inactivated at 65
°C for 20 min. All gel electrophoresis experiments were repeated at least twice.

2.2.3 Library preparation for RNA-Seq
As outlined in Figure 2.1, transcripts from all reactions were incubated at 37 ºC for
1 h with 5’ Pyrophosphohydrolase/RppH (New England BioLabs) to remove
pyrophosphate from the 5’ end of tri-phosphorylated RNAs, and to generate 5’
monophosphate RNAs. Transcripts were then incubated with Shrimp Alkaline
Phosphatase/rSAP (New England BioLabs) at 37 ºC for 45 min to dephosphorylate the 5’
end of RNAs and to hydrolyze remaining NTPs from the reaction. Afterward, phosphatase
activity was eliminated by heat inactivation at 65 ºC for 5 min. The 3’ ends of
dephosphorylated RNAs were then ligated to 5’ pre-adenylated 3’ adapter with 3’ Biotin
modification (the 3’ adapter sequence is shown in Table A2), which was attached to
Streptavidin Magnetic Beads (New England BioLabs) (91), by T4 RNA Ligase 2 truncated
K227Q (New England BioLabs) (92). The 40 µL ligation reactions containing 20% (w/v)
PEG 8000, 0.05 mg/ml BSA, 50 mM NaCl, and 2 µL of RNA Ligase 2 at 200 U µl-1 were
incubated at 16 ºC overnight. After 3’ ligation, we performed three magnetic bead washing
cycles to remove all un-ligated RNAs and NTPs. The 5’ ends of ligated product were then
phosphorylated by T4 polynucleotide kinase (New England BioLabs) in a 40 µL reaction
containing 2 µL of T4 polynucleotide kinase at 10 U µl-1 and 2 mM final concentration of
ATP. The reactions were incubated at 37 ºC for 30 min, and then stopped by heat
inactivation at 65 ºC for 20 min.
A 5’ adapter sequence, containing a barcode unique to each experiment (Table A2),
was then ligated to the 5’ mono-phosphorylated product by T4 RNA Ligase 1 (New
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England BioLabs) (92). The 40 µL reactions containing 10 µM 5’ adapter, 20% (w/v) PEG
8000, 1 mM ATP and 4 µl of enzyme at 10 U µl-1 were incubated at 16 ºC overnight. We
then performed three bead washing cycles to remove all un-ligated 5’ adapter. Finally, to
remove ligated RNAs from the magnetic beads, we heated the reaction to 95 ºC for 5 min
to denature the Biotin–Streptavidin interaction, and isolated the supernatant from the beads.
Fully ligated RNAs were then reverse transcribed to complementary DNA (cDNA)
using a primer that is specific to the ligated 3’ adapter (Table A2). The reverse transcription
reactions were performed in a 50 µL reaction volume containing 0.4 µM reverse
transcriptase primer, 0.5 mM each dNTP, 10 mM DTT and 2 µL ProtoScript® II Reverse
Transcriptase (New England BioLabs) at 200 U µl-1 by incubation at 42 ºC for 1 h.

2.2.4 Amplification and quantification of the library
Complementary DNA (cDNA) for each experiment was amplified by Phusion®
High-Fidelity DNA Polymerase (New England BioLabs) using primers based on Illumina
primers for TruSeq Small RNA Library, with a final concentration of 0.4 µM (primers were
purchased from IDT and are shown in Table A3). Note that different reverse primers with
specific index reads were used for each experiment. Then we used ExoSAP-IT™ PCR
Product Cleanup Reagent (Affymetrix) to remove excess primes and un-incorporated
nucleotides. We also performed G25 column cleanup to remove salts. Finally, the library
was quantified by Qubit dsDNA HS Assay Kit (Invitrogen).

2.2.5 Next-generation sequencing and data analysis
The library was sequenced using an Illumina MiSeq sequencer with the MiSeq®
Reagent Nano Kit v2 (Illumina), based on manufacturer’s instructions at UMass Genomics
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Resource Laboratory (GRL). Data analysis was carried out using code written in Python,
including modules from Biopython (93), as shown in the flow chart of Figure 2.1. Data
from multiplexed sequencing were separated into individual experiments based on the
barcode index reads. Only sequences with valid 5’ and 3’ adapters were analyzed. In most
cases, sequences were further filtered for the expected GG sequence at positions +1 and
+2. For 3’ end analyses, sequences were aligned to an internal expected sequence, although,
mis-initiation was minor relative to the analyses. Counts at each step in processing are
shown in Table A4.
For RNA-Seq quantification of RNA products by length (Figures 2.2B, 2.4A, and
2.6C), RNAs were simply binned by length (regardless of sequence). Note that this
representation is the equivalent of a molar analysis, and is not mass-weighted, as occurs in
intercalator staining or [α-32P] NTP labeling.
The “high yield” transcription reaction using DNA template 5N was replicated and
comparisons (Appendix Figures A1 and A2) with the initial experiment show excellent
agreement.

2.3 Results
In transcription from linear DNA, RNA polymerases are predicted to synthesize a
defined full length (runoff) product (28). For decades, denaturing gel electrophoresis (28,
38) has been the tool of choice in analysing transcription products. Based on the known
sequence of the DNA template and the lengths estimated from the gel, researchers have
assigned bands in a gel to specific RNA products. However, it is not uncommon to observe
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products longer than the predicted runoff transcript (38, 48, 49). In this case, simple gel
analyses provide no information on the nature of the products.

2.3.1 RNA-Seq analysis of in vitro transcription products
In order to determine the precise nature and distribution of in vitro synthesized
transcription products, including sequences and relative abundances of individual
sequences, we now analyze product RNAs by massively parallel next generation
sequencing, RNA-Seq. Initial transcription reactions were carried out with a DNA template
(5N template, Table A1) encoding a 24 base runoff RNA, as shown in Figure 2.2A, using
wild type T7 RNA polymerase.
In order to analyze transcription profiles by RNA-Seq, the product RNA pool must
be prepared for sequencing. After quenching each transcription reaction by heat
inactivation at 70° C for 5 min, RNAs were processed without initial washing. As described
in more detail in the methods section, to avoid self ligation and formation of RNA
dimer/multimers during the adapter ligation steps, the 5’ triphosphate was removed from
RNAs using pyrophosphohydrolase and shrimp alkaline phosphatase, which also
hydrolyzes substrate NTPs. RNAs were then ligated by their 3’ ends to a pre-adenylated 3’
adapter using an enzyme that is only able to use adapters pre-adenylated at their 5’ ends.
Since this adapter is pre-bound to magnetic beads, after ligation the sample can be washed
to new reaction conditions, removing all nucleic acids not ligated to the adapter. The
previously dephosphorylated 5’ ends of ligated RNAs were then phosphorylated and
subsequently ligated to a 5’ adapter carrying a barcode specific to each experiment. RNAs
containing both adapters were then reverse transcribed and amplified by PCR, and the
resulting cDNA was sequenced by next generation sequencing (MiSeq-Illumina).
20

Promoter DNA
T7 RNA polymerase, NTPs
RNase Inhibitor, Murine, 37°

Phusion® High-Fidelity
DNA Polymerase
33 cycles of PCR

Heat inactivate, 5 min 70°

OH-5’
3’-HO
OH-5’
3’-HO
Primers for Illumina
TruSeq Small RNA Library

RNase Inhibitor, Murine
(NTPs)

5’ ppp

OH-3’

RNA 5' Pyrophosphohydrolase
1 hr 37°
(NTPs)

5’ p

OH-3’

Shrimp Alkaline Phosphatase
45 min 37°
(nucleosides) 5’ HO

T4 RNA Ligase 2
truncated K227Q
overnight 16°

App

Sephadex G25
cleanup
Quantification: Qubit dsDNA HS Assay
Pool different
experiments

OH-3’

Heat inactivate, 5 min 65°

ExoSAP-IT™ PCR Product
Cleanup Reagent

Streptavidin
Beads
Biotin

Illumina MiSeq Sequencer
MiSeq® Reagent Nano Kit v2

3’-adapter RNA

(nucleosides) 5’ HO

3X bead wash
Remove
unligated RNA
& nucleosides

Raw Sequence Data
(multiplexed)

T4 Polynucleotide Kinase
2 mM ATP, 30 min 37°

in silico

5’ p
Unique
barcode

OH-3’
5’-HO
5’-adapter RNA

Filter for unique barcode
T4 RNA Ligase 1
1 mM ATP, overnight 16°

Raw Sequence Data
(experiment-specific)
Filter for and remove
both 5’ & 3’ adapters

5’-HO

3X bead wash
Remove unligated
5 min 95°
adapter
supernatant

Remove primer dimers
and single base RNAs

(release from beads)

Trimmed (RNA) Sequence Data

5’-HO

Reverse Transcripase
dNTPs, 1 hr 42°

Filter for GG start
Filtered RNA Sequence Data

OH-5’
3’-HO
RT DNA primer

Filter for length ≥ 15
or for length ≥ 31
5’-HO

Filtered RNA Sequence Data

5’-HO

Figure 2.1 Flow chart for library preparation of in vitro transcription by T7 RNA
polymerase, followed by RNA-Seq data analysis.
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2.3.2 Low yield reaction conditions yield expected product profile
An initial transcription reaction was performed under conditions widely used in
mechanistic studies of transcription (0.6 mM GTP, 0.4 mM each of ATP, CTP, and UTP,
with 5 min incubation at 37 ºC). We will refer to this as “low yield” conditions. The initial
promoter-containing DNA template encodes a 24 base runoff transcript, and includes a
randomized (approximately 25% each of A, C, G, and T in the DNA template) sequence
from positions +3 to +7 (Figure 2.2A), the utility of which will become apparent later.
Analysis of the RNA-Seq length profiles for “low yield” transcription, presented in
Figure 2.2B, shows the expected runoff product, plus shorter and longer (n-1, n, n+1, etc.)
products (see Figure A1 for more detail). The data also reveal abortive RNAs (not shown)
and products much longer than expected (for example, greater than 30 bases, corresponding
to n+6 or longer). Although for this reaction, amounts of the latter are detectable, they are
negligible in the bar graph. As expected, a 24 base runoff RNA is the most abundant
product, however, substantial amounts of n-1 (23 base) and n+1 (25 base) products are also
observed.
Counting specific sequences, rather than pooled RNA lengths, provides detail not
available in gel electrophoresis. As shown in Figure 2.2C, low yield conditions, the n+1
product containing an additional C is five times more abundant than those containing added
A, G, or U. Similarly, n+2 products are observed, but the 16 possible n+2 sequences are
not observed uniformly. In comparing the data representations in Figures 2.2B and 2.2C,
note that whereas there is one expected sequence for each major n-i product, the n+i
products detailed in Figure 2.2C are spread across as many as 4i possible sequences.
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Figure 2.2 Initial RNA-Seq analysis of transcription reactions. (A) The RNA sequence
encoded by the template DNA. Note that here, and forward, all sequences, including the
output of RNA-Seq are shown as RNA. (B) RNA-Seq counting of RNAs ≥15 bases in
length, synthesized under low and high yield conditions. Reported percentages are relative
to that pool. (C) The most abundant RNA-Seq sequences from position +10 forward.

2.3.3 High yield reaction conditions shift length distributions to longer RNA lengths
Preparative RNA reactions are often carried out for 4 h with NTP concentrations of
7.5 mM each. Under such “high yield” conditions, using the same DNA template, the
distribution of products skews significantly to longer RNA lengths. As shown in Figure
2.2B, high yield conditions, the expected length product (n=24) is no longer the most
abundant, but rather the most abundant RNA length is 26 bases (n+2), with a wide range
of longer RNA products. Analysis of the most abundant sequences, presented in Figure
2.2C shows that the n+1 product containing an added C is slightly more abundant than the
expected product, but the relative amounts of various n+i products increase substantially.
Casual analysis of the data reveals clearly that these longer RNA products are not
at all random in their added sequences. For sequences ≥ 31 bases in length, in the “high
yield” reaction, 97% of the products show at least a 4-base window of reverse
complementarity to upstream sequences (see Figure A2). This is consistent with prior
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reports that RNA transcripts can be extended to longer RNA lengths as the result of primer
extension using RNA (38, 48, 49), or the nontemplate strand (45, 50), as the template.
There have been conflicting reports in the literature regarding RNA primer
extension with T7 RNA polymerase. The observed primer extension could in principle
occur via a cis mechanism, with the 3’ end of the RNA looping back to sit down on its own
upstream sequence (48), or via a trans mechanism, with the RNA binding to the equivalent
region of a different RNA (38, 49). The DNA template used here (Figure 2.3A), encodes a
randomized sequence from position +3 through to position +7, allowing definitive
resolution of the two models. The cis model predicts that each extended sequence should
be the reverse complement of the corresponding sequence of the same RNA (self), while
the trans model, in which templating is from a second RNA, predicts no such correlation.
This is demonstrated by the collection of sequences shown in Figure 2.3B. In fact, as
demonstrated in Figure A2, for observed primer extension products that reach at least two
bases into this randomized region, 75-80% have extensions that are the exact inverse
complement of the randomized region of the same RNA (all other sequences, even those
containing only one mismatch are scored as trans, suggesting that the actual percentage of
cis originating RNAs is still higher). We conclude that primer extension occurs
predominantly by RNA folding back on itself as the template in a cis (Figure 2.3C), rather
than a trans (Figure 2.3D) mechanism.
Primer extension in cis could arise from nascent RNA rearranging within the active
site to accommodate extension, or more simply, released RNA could rebind a vacant RNA
polymerase. The latter model predicts that this type of primer extension will increase as
runoff RNA accumulates in the reaction, as mass action will drive RNA rebinding and
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allow extension to compete more favorably with promoter-initiated transcription. The
behavior observed in Figure 2.2 is fully consistent with this model.
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Figure 2.3 Representative depiction of RNA-Seq results from in vitro transcription
reaction. (A) Transcription from partially single stranded DNA template encoding a 24
base RNA transcript, which includes a randomized sequence from positions +3 to +7. The
T7 promoter sequence is boxed and shown in gray. (B) Representative sequences of
extended RNAs reveal complementarity (blue) to a sequence in the upstream region (green)
within each RNA sequence. The cis (C) and trans (D) models for the formation of longer
RNA products make distinct predictions for the expected downstream sequences
corresponding to the upstream randomized regions. Longer RNA products shown in (B)
are formed through cis primer extension.
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2.3.4 Primer extension is promoter independent and competes with de novo initiation
To test whether primer extension occurs independent of promoter DNA, we
(chemically) synthesized the expected 24 base RNA and incubated it with T7 RNA
polymerase, in the absence of T7 promoter DNA. The synthetic RNA has same sequence
as encoded by the DNA template above (with the only difference being that the sequence
from position +3 to +7 is not randomized). The RNA-Seq results presented in Figure 2.4
clearly demonstrate extension of the synthetic RNA to longer RNA products, as illustrated
both by RNA-Seq length counting (Figure 2.4A and 2.4B) and by gel analysis (Figure
2.4C). Indeed, in the absence of competing T7 promoter DNA, primer extension proceeds
very efficiently, and extends to greater lengths, as predicted by a distributive rebinding
model in the absence of competition by promoter.
Analysis of the most abundant sequences presented in Figure 2.4B confirms that
longer RNA products derive from primer extension using RNA as a template. Note also
that this reaction was carried out under low yield transcription conditions, in particular, 0.4
mM each NTP and 15 mM magnesium acetate. This demonstrates that primer extension is
not an artifact of high concentrations of these components in high yield transcription
reactions, nor does it reflect differences in reaction conditions or enzyme preparation.
Although the RNA-Seq data reported are for the 4 h reaction, the gel data presented
in Figure 2.4C reveal that at 5 min, essentially all of the RNA has been extended.
Interestingly, at 5 min, the distribution of products skews shorter than at 4 hrs. Since the
RNA concentration is fifty-fold higher than the enzyme concentration, the intermediate
length RNA products observed at 5 min that chase to longer products are not polymerase-
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bound intermediates. This argues that primer extension is distributive: polymerase extends
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Figure 2.4 Primer extension of synthetic RNA in the absence of promoter sequence. (A)
RNA-Seq quantification of RNA products by length, for a 4 h incubation of synthetic RNA
with T7 RNA polymerase, in the presence of 0.4 mM each NTP. (B) Most abundant RNASeq sequences. Extended RNA products show complementarity (blue: Sequence beyond
the synthetic RNA sequence, green: Upstream sequence of the synthetic RNA that is
complementary to the blue region). (C) Denaturing gel electrophoreses (20% denaturing
Urea) analysis of a parallel reaction using radiolabeled, synthetic RNA. Lane 1:
Radiolabeled 24 base synthetic RNA. Lanes 2 and 3: Incubation of synthetic RNA with T7
RNA polymerase for 5 min and 4 h, respectively.

2.3.5 Distribution of products reflects a range of mechanisms
The data in Figures 2.2 and 2.4 demonstrate significant heterogeneity in the primer
extension products. The distribution of such products provides insights into the structural
and energetic requirements of primer extension. To provide a more systematic analysis and
noting that the DNA construct used (Figure 2.3A) contains a randomized initial
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transcription region, which is then copied in extension, we took the data from Figure 2.2
and “masked” (N) both the bases from +3 to +7, and the corresponding, complementary
downstream bases using the adjacent sequence (complementary to +8 to +13) for
alignment. The analysis presented in Figure 2.5 compares the relative abundances of
specific sequence types for both the transcription reaction in the high yield condition
(Figure 2.2) and the primer extension reaction on synthetic RNA (Figure 2.4).
The data in Figure 2.5A and 2.5B reveal that the same two sequence profiles
represent more than half of the products in each of the two reactions. One of the profiles
(i) represents 36% and 25% of products in promoter-driven transcription and in synthetic
primer extension, respectively. The second profile (ii) represents 17% and 36% of products
in promoter-driven transcription and in primer extension, respectively. Within each profile,
there is heterogeneity in the lengths represented. Given the caveats of precisely quantifying
RNA-Seq data, we prefer not to over-interpret these sub-data, but note simply the variations
in both the locus of extension initiation and the range of the extension. The third most
abundant profile, the top line in (iii), is the same in each, representing substantially fewer
sequences in each (4.6% and 4.4%, respectively), and again, there is substantial variance
in lengths (not shown). These three initiation profiles represent 58% and 65% of all
products in promoter-driven transcription and in primer extension reaction, respectively.
For each reaction, the remaining ≈40% of products show wide variation in initiation
profiles and similar variations in lengths, as illustrated by those reported with higher than
1% frequencies of occurrence.
It is not possible from these data to know the precise structure of the RNA that first
primes initiation, but in Figure 2.5C we propose likely hairpin structures. For the first
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sequence profile (i), a reasonable structure provides 3 good base pairs (remembering that
GU is a stable pair in RNA), with a relatively small loop. However, for the second profile
(ii), a similar construct, model (a) shows poor base pairing of the 3’ terminal base.
For the second sequence profile (ii), a similar mechanism (a) could be invoked, but
would require extension from an AA mismatch (94). In the data presented in Figure 2.2C,
there is substantial evidence of “nontemplated” addition of 1 or 2 nucleotides onto the
expected runoff RNA, and in particular, addition of C is favored. A potential mechanism
for adding C is shown in model (b) of profile (ii), where pairing further upstream generates
a large and more stable duplex that allows for templated addition of C. If after addition, the
complex dissociates (yielding an n+1 product), the extended RNA could then rebind the
enzyme with a smaller, differently positioned loop, yielding a good 3’ terminal base pair
(47) and leading to the observed extension sequences. Finally, note that in the mechanistic
model for profile (i) and in the second step of model (b) in profile (ii) above, there are 8
bases between the bases forming the terminal base pair, suggesting a preferred size for
efficiently extended priming structures.

2.3.6 Primer extension depends strongly on sequences upstream of the 3’ end
Although the above models are highly constrained by the sequences of the observed
products, they make assumptions about pairing between downstream and upstream
sequence elements. To examine this more directly, we compare transcription under high
yield conditions from a DNA template (Table A1, 3N template) encoding the same terminal
sequence as above, but with a different upstream (internal) sequence (3N RNA in Figure
2.6A). Analysis both by gel electrophoresis and by RNA-Seq length counting, presented in
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Figure 2.6B and 2.6C, respectively (and in Figure A3), shows a dramatic reduction in
(long) primer extension products.
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Figure 2.5 Sequence distributions of primer extension products. Summaries of (A) 3,342
sequences longer than 30 bases and containing at least 6 contiguous bases attributable to
primer extension from the high yield transcription reaction of Figure 2.2 and (B) 1,037
sequences, similarly filtered, from the synthetic RNA primer extension reaction of Figure
2.4. Sequences are grouped into profiles based on the initiation of primer extension. For
the two largest profiles in each, individual sequences were counted and presented as a
percentage of the total. For profiles representing less than 5% of the total, only summaries
are provided (lower third of figure), and profiles representing less than 1% of each pool are
not shown. In each, sequences in blue have reverse complementarity to sequences in green,
indicating that the latter templates the former. In (iii), bases in red do not fit this pattern,
but could be consistent with priming from n+1 and n+2 products. Conversely, the location
marked by a delta symbol suggests priming from an n-1 product RNA. (C) Likely
mechanisms for primer extension in profiles (i) and (ii).
Interestingly, as before, significant amounts of n+1 and n+2 products are observed,
as revealed in Figures 2.6C and 2.6D. This might suggest that short extensions are less
sensitive to upstream sequence than are larger extensions. Note also that the 5N RNA is
“C-less” in the non-randomized region and n+1 additions of G are barely detectable (Figure
2.2C). In contrast, the 3N RNA contains five internal C’s and addition of G is the second
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most abundant n+1 product (Figure 2.6D). Together these results strongly suggest that n+1
(and presumably n+i) additions are templated.
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Figure 2.6 cis primer extension depends on upstream sequence. (A) RNA sequences
encoded by DNA templates. 3N RNA has same encoded 3’ end as the RNA from prior
figures (5N RNA), but has a different upstream sequence. (B) Gel analysis of transcription
profile for DNA templates encoding different internal sequences under the high yield
conditions of Figure 2.2B. 20% denaturing urea gel, stained with SYBR Green II RNA.
Controls shown are DNA size standards and the promoter DNA strands used in
transcription. (C) RNA-Seq counting of RNAs 15-49 bases in length, synthesized under
high yield conditions for 3N RNA. (D) Most abundant RNA-Seq sequences from position
+10 forward for 3N RNA.
The primer initiating model presented in Figure 2.5C, profile (i) suggests a key role
for pairing A at the 3’ end of RNA with the U, 9 bases upstream. The 3N RNA of Figure
2.6 has a G at that position and is observed to not support (long) primer extension. To
confirm the importance of this particular pairing, we designed a new DNA template (Table
A1) identical to the template for 5N of Figure 2.2, but replacing (only) the U at position
+15 of the encoded RNA with A, as shown in Figure 2.7A (5N U→A RNA). Gel
electrophoretic analysis in Figure 2.7B (and Figure A3), shows a significant reduction in
the formation of longer RNA products for this RNA. A double mutant (5N UG→AC
RNA), with a second modification expected to further disrupt the base pairing in profile (i)
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and also expected to disrupt base pairing in the second part of model (b) of profile (ii),
dramatically reduces the amount of longer primer extension products (Figure 2.7B).
Conversely, starting from the 3N template that shows low levels of primer extension, we
designed a single base change variant that introduces pairing of the RNA 3’ end with the
base 9 bases upstream (3N G→U RNA in Figure 2.7C). Consistent with the model,
transcription from this template shows an increase in the formation of longer RNA products
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Figure 2.7 Transcription profiles (high yield conditions) from DNA templates containing
internal base substitutions. (A) Encoded RNA sequences from templates, starting from the
sequence in Figure 2.2 (5N RNA) with canonical pairing potential (in green and purple).
Mutations were then targeted to disrupt pairing (in red). (B) 20% denaturing gel analysis
(as in Figure 2.6B) of RNA products from those templates. (C) Encoded RNA sequences
as in (A), but starting from sequence 3N RNA (Figure 2.6) with poor pairing potential (in
red). Mutations were then targeted to establish pairing (in green).

2.4 Discussion
T7 RNA polymerase is widely used to produce RNA by in vitro transcription from
linear DNA templates (28). It is known that such reactions often contain multiple
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byproducts (28, 48, 49), yet the sequence dependencies and the mechanistic origins of these
byproducts have remained unclear. While for many decades, denaturing gel electrophoresis
has been used to analyze transcription products, we now introduce a new approach to study
transcription profiles of RNA polymerases generally: RNA-Seq of in vitro transcription
products. In addition to the length profiles provided by electrophoresis, RNA-Seq provides
the precise sequences and sequence distributions of each length.

2.4.1 Product runoff RNA loops back to prime from its own upstream sequence
In this study, we have focused on the formation of RNA products longer than the
expected runoff. These products have been reported in the past and have been attributed to
different mechanistic origins (48–50). The RNA-Seq results presented here confirm that
longer RNA products arise from RNA primer extension (38). Specifically, the sequence
beyond the expected runoff transcript is almost exclusively the reverse complement of a
sequence in the upstream region of the encoded RNA. We further confirm that such
products are formed predominantly by cis primer extension, in which the runoff RNA
primes and transcribes from its own upstream sequence by looping back on itself.
It has been proposed previously that RNA polymerase, at the end of a runoff
template, might switch to the nontemplate strand, giving the same reverse complement
pattern to the appended sequence. Although transcription here was carried out with
“partially single stranded templates”, in which the nontemplate strand is truncated at
position +2, the first round of transcription could lay down RNA as a nontemplate strand
for subsequent rounds. However, the strong correlation between RNA accumulation and
primer extension argues convincingly that free RNA rebinds to the polymerase to initiate
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extension. The observation that synthetic RNA is very efficient in serving as a template,
and generates approximately the same extension profiles, confirms the model.
The two most abundant initiation profiles from template 5N and from 24-mer RNA
suggest that sequences with 8 or 10 intervening bases, which could form hairpins with a 23 base pair stem and a 4 base loop, could serve as initiator. The crystal structures of T7
RNA polymerase in its initiation (with and without promoter DNA) configuration confirm
that the active site can accommodate about 6 to 9 nucleotides (31), suggesting such a
hairpin structure could be formed within the initiation structure of the polymerase (see
“initial transcription” and “primer extension” cartoons in Figure 2.8). Although the enzyme
normally transitions from the initiation to the elongation configuration at a hybrid length
of about 8-9 bases (89), it is thought that complexes that do not transition correctly can
extend RNAs only to hybrid lengths as long as 11-13 bases (95, 96), consistent with the
largest single addition lengths observed here.

2.4.2 Initiation of primer extension is heterogeneous and extension is distributive
These two profiles together account for slightly more than half of products ≥31
bases. The remaining products are spread across a variety of initiation possibilities. Many
suggest initial priming at one position, followed by extension from another. Since n+1 and
n+2 products begin to arise early in synthesis, it is not surprising that they can later rebind
and prime further extension. Closer analysis of some of the minor sequences (see, for
example, the third sequence in Figure 2.5A, profile iii) reveals apparent priming from n-1
(and shorter) products as well.
The primer extension reaction of synthetic RNA shown in Figure 2.4C clearly
demonstrates distributive synthesis. In other words, primer extended products are released
34

and then rebind for further extension. Since the extension reaction does not compete with
the promoter initiated transcription, distributive extension can grow each RNA to longer
lengths. Note that in distributive synthesis, if rebinding is to the same site, the final
sequence will be indistinguishable from that of a reaction that extends straight through
(processive synthesis). Hence, this distributive behavior may be more prevalent than simple
analysis of the transcription data suggests.
An important point arises from this distributive behavior. In traditional gel
electrophoresis, the heterogeneity of the resulting products would yield a “smear” at best,
or each might drop below detection at worst. Thus, the nature of the 3’ end of the RNA
could impact apparent yields of full length product.
Distributive primer extension may also have implications for early evolution, as it
could provide a simple mechanism for rapidly increasing complexity in early RNAs.
Conversely, later in evolution, the poly(U) tails that arise from hairpin-dependent
termination and the poly(A) tails added during mRNA maturation, could serve to limit
formation of these now undesirable RNA species.

2.4.3 High yield transcription favors primer extension
The observations that primer extension is much more efficient in the absence of
competing promoter DNA and that at low levels of RNA synthesis, primer extension is
very inefficient relative to promoter-driven initiation, indicates that (at least functional)
rebinding of RNA is substantially weaker than (functional) promoter binding, as one would
expect. Thus primer extension increases dramatically as the runoff RNA accumulates under
“high yield” reaction conditions, as expected by a simple mass action model of binding.
More specifically, efficient primer extension does not require the high concentrations of
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nucleoside triphosphates and/or magnesium typical of high yield reactions, as synthetic
RNA in the absence of competing initiation is readily extended at much lower NTP and
magnesium concentrations.

2.4.4 n+1 and n+2 “nontemplated” products are actually templated
Under low yield conditions (template 5N), the expected length (n) product is the
most abundant at 29%, but this drops to about 7% under high yield conditions, confirming
that longer products build off of shorter ones. RNAs of length n+1 and n+2 represent 23%
and 7% respectively under low yield conditions, but represent 9% and 17%, respectively,
under high yield conditions, suggesting that some n+2 additions may be arising in a
distributive manner, building on previously synthesized n+1 RNAs.
Under both low and high yield conditions, the distribution of added nucleotides for
these short lengths is not random, as 83% of n+1 products contain added C. The predicted
sequence of 5N RNA is “G-rich” upstream of the terminal AUUUA-3’ sequence, which
might explain the abundance of added C. While A and U are added at lower frequencies
than C, we note that the predicted 5N RNA sequence is “C-less” beyond the randomized
region, and G is not observed in any n+1 transcript more abundant than 1%. In contrast,
the template for 3N RNA, which encodes the same 3’ terminal 5 base sequence, encodes
five C’s upstream of that terminus, and added G represents 40% of the observed n+1
products. Together, these data strongly argue that this well known behavior previously
termed “nontemplated addition” in fact proceeds in a templated manner.
For decades, it has been assumed that “bad things” happen when RNA polymerase
sits around too long at the end of a linear DNA template. In retrospect, it should not be
surprising that this is not the cause of n+i additions. The (hyper) forward translocation
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model for elongation complex dissociation predicts that RNA polymerases should become
unstable as they approach the end of a template – the downstream barrier to forward
translocation, melting of the bubble downstream of the active site, disappears as the
polymerase nears the end of a template (97, 98). Indeed, this instability is almost certainly
the reason that RNA polymerases produce n-i products at the end of transcription. The
notion that an RNA polymerase “waits around” long enough to catalyze an unfavorable
(nontemplated) reaction is unlikely, at best.

2.4.5 RNA-Seq: a new tool in mechanistic enzymology
The observed lack of G in the n+1 products from the 5N RNA construct might have
been ascribed to ligation bias (99). In other words, ligation of RNAs ending in
…AUUUAG-3’ might be relatively inefficient, and so they would not appear or be underrepresented in the RNA-Seq data set. The observation of an abundance of n+1 products
ending with G for the 3N RNA construct rules out this explanation, as both RNA sequences
have the identical five encoded bases at their 3’ terminus. More broadly, however, one
should always be aware of the potential for such artifacts in sequencing. In the current
work, we have taken hypotheses generated by the RNA-Seq data and then tested them with
both biochemical and follow-on RNA-Seq experiments.
Caution should be exercised in “horizontal” quantitative comparisons, comparisons
of the relative counts (intensities) of different RNA species within an experiment, as
ligation bias against (or potentially for) structured RNAs could impact those comparisons
(100). “Vertical” quantitative comparisons of abundancies of the same RNA species across
different conditions are much less likely to be influenced by such considerations, and are
particularly powerful.
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While gel electrophoresis of RNA and DNA has been a staple of nucleic acid
biochemistry for more than half a century, the complementary application of RNA-Seq
approaches provides essential information not available from electrophoresis, or from even
other sequencing approaches. Not only does RNA-Seq identify the most abundant
sequence of any particular RNA length (and identify RNA lengths precisely), it also
provides distributions of sequences, allowing powerful new insights into mechanism.

2.5 Summary
The model presented in Figure 2.8 summarizes our findings. The top “On-pathway”
process details expected runoff transcription, where the expected length (n) RNA is
generated (this pathway also yields n-1, n-2, etc.). Rebinding of product RNA to
polymerase initially competes poorly with “On-pathway”, promoter-initiated transcription.
As product concentration grows, mass action drives “Off-pathway” rebinding of product
RNA to the polymerase, such that this process now competes favorably with “On-pathway”
initiation (the experiment with synthetic RNA only, in Figure 2.4, represents the extreme
of “Off-pathway” only).
Not only can the correct encoded product (n) rebind RNA polymerase, but similarly
“Off-pathway” n+i products can dissociate and then also rebind for further extension.
Rebinding to the position from which each dissociated would be “silent” in the sequencing
results, but it is also possible, as evidenced here, that an n+i RNA product templated from
one position could re-fold to prime at another position. More broadly, the current results
explain why identical 3’ terminal sequences can yield very different patterns of “Offpathway” products.
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Figure 2.8 The “release and rebind” model for the formation of longer RNA products by
a cis primer extension mechanism. In the “On-pathway” reaction, the promoter binding
domain (pink) of T7 RNA polymerase binds promoter DNA and directs synthesis of the
expected runoff RNA. In a competing “Off-pathway” reaction, released RNA (Rx) rebinds
to (a different) RNA polymerase and self-primes extension to longer RNA products in cis.
RNAs shorter or longer than full length can function as Rx. Repeated rebinding/extension
can (distributively) lead to still longer products.
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CHAPTER 3
EFFICIENT INHIBITION OF RNA SELF-PRIMED EXTENSION BY ADDITION
OF COMPETING 3’- CAPTURE DNA – IMPROVED RNA SYNTHESIS BY T7
RNA POLYMERASE
This Chapter introduces a novel approach to improve both the yield and purity of
RNA synthesis in transcription by T7 RNA polymerase, based on our deep mechanistic
understanding. This chapter was published in the article “Efficient inhibition of RNA selfprimed extension by addition of competing 3’-capture DNA – improved RNA synthesis by
T7 RNA polymerase” in the journal of Nucleic Acids Research (101).

3.1 Introduction
T7 RNA polymerase is a single subunit DNA-dependent RNA polymerase that
efficiently synthesizes RNA in vitro with high fidelity from linear DNA templates
containing the T7 promoter consensus sequence (28, 29, 102–104). This system (and
systems using related phage polymerases) is used widely to synthesize RNA for a range of
applications, including basic studies of RNA biology (such as ribosomal and spliceosomal
RNAs, riboswitches, and other noncoding RNAs (42, 105–107)), and in biotechnology
applications including siRNA, mRNA therapeutics, aptamers, riboswitch-based sensors,
and CRISPR guide RNAs (gRNAs) (14, 17, 51, 54, 108). However, it is well known that
in addition to the expected runoff RNA, this system produces both short, abortive products
(28, 89) and products longer than encoded by the DNA (28, 36, 42, 43, 109), often called
“nontemplated” additions, but known to be templated (38, 46, 48, 49, 78). Indeed, it has
been shown previously that T7 RNA polymerase can act as an RNA-dependent RNA
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polymerase, taking correct length RNA and extending it to longer RNA products by
priming on itself in cis or on a second RNA in trans (38–41, 46–49, 78, 110).
Recently, we have confirmed that cis self-primed extension of product RNA is the
predominant mechanism in the generation of longer RNA byproducts in vitro (78). In cis
self-primed extension, T7 RNA polymerase first transcribes the expected runoff RNA
through transcription initiation and elongation. Released runoff RNA then rebinds to the
enzyme, folds back on itself and primes the extension of the RNA to longer products, using
upstream RNA as a template, and leading to the formation of double stranded RNA
byproducts (38, 46, 78).
It is well known that double stranded RNAs can stimulate the innate immune
response by activating receptors such as Toll-like receptor 3 (TLR3), melanoma
differentiation-associated protein 5 (MDA5), and retinoic acid-inducible gene I (RIG-I),
which are natural receptors for responding to potential viral RNA threats (56, 60, 63).
Additionally, double stranded RNAs inhibit protein synthesis by activating enzymes like
protein kinase RNA-activated (PKR), oligoadenylate synthetase (OAS) and RNA-specific
adenosine deaminase (ADAR) (111, 112). As a result, in therapeutic applications of RNA,
it is necessary to remove these long double stranded RNA byproducts after in vitro
transcription by T7 RNA polymerase. A common approach to remove double stranded
byproducts is gel electrophoretic or chromatographic purification post-synthesis (75–77,
113, 114). Recently, a new method for removal of dsRNA based on selective binding to
cellulose in an ethanol-containing buffer, has been developed (77). These approaches,
however, are imperfect and costly, as downstream yields of RNA can be very low and even
trace amounts of double stranded RNA impurities may still trigger an immune response.
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Rather than attempt to purify the correct RNA post-synthesis (or as a key step prior
to subsequent purification), we introduce here a novel method to inhibit the formation of
double stranded RNA contaminants during transcription by including in the reaction a short
capture DNA oligonucleotide complementary to the (correct) 3’ end of the RNA. Binding
of this short DNA to 3’ end of the RNA prevents the RNA from folding back on itself and
so inhibits RNA self-primed extension. In addition to yielding much higher purity, the
elimination of primer extended RNA byproducts during transcription leads to dramatically
improved yields of correct length runoff RNA.

3.2 Material and methods

3.2.1 Reagents
DNA oligonucleotides used as transcription templates and as capture DNAs, and
synthetic RNA for self-primed extension reactions, were purchased from Integrated DNA
Technologies (IDT); and sequences are shown in appendix Table A5. All ‘high yield’
transcription reactions were conducted using HiScribe™ T7 High Yield RNA Synthesis
Kit (New England BioLabs). For self-primed extension reactions, T7 RNA polymerase was
prepared and purified in our lab (115).

3.2.2 RNA self-primed extension reactions
Reactions with synthetic RNA, in the absence of promoter DNA, were conducted
with 25 µM synthetic RNA in the presence of 0.5 µM T7 RNA polymerase and 0.4 mM
each of guanosine triphosphate (GTP), cytidine triphosphate (CTP), adenosine
triphosphate (ATP), and uridine triphosphate (UTP). Reactions were carried out at 37ºC
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for both 5 min and 4 h in a transcription buffer containing 15 mM magnesium acetate, 30
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 25 mM potassium
glutamate, 0.25 mM ethylenediaminetetraacetic acid and 0.05% Tween-20. For selfprimed extension reactions in the presence of capture DNA, DNA oligonucleotides,
complementary to the 3’ end of RNA and containing 3’ amino modification were added to
reaction mixtures to a final concentration of 25 µM.

3.2.3 Transcription reactions
All reactions were performed using partially single-stranded DNA constructs, in
which the nontemplate DNA oligonucleotide extends downstream only to position +2 (28,
90). All ‘high yield’ transcription reactions were carried out in the presence of 2 µM each
of nontemplate and template DNA oligonucleotides, 7.5 mM of each NTP, and 1.5 μL T7
RNA polymerase Mix™ (New England BioLabs) in an overall 20 μL reaction volume at
37ºC for 4 h (unless noted otherwise in the chapter). High yield transcription reactions in
the presence of capture DNA additionally contained 400 µM (unless noted otherwise)
capture DNA. RNase Inhibitor Murine (New England BioLabs) was added to a final
concentration of 1 U/µL in all reaction mixtures. Both self-primed extension and
transcription reactions were heat inactivated at 70ºC for 5 min.

3.2.4 Gel electrophoretic analyses
Reaction products were analyzed with 20% polyacrylamide, denaturing (7 M urea)
gel electrophoresis. For self-primed extension reactions, the 5’ end of the synthetic RNA
was labeled by incubating 50 µM synthetic RNA with [γ-32P] ATP (PerkinElmer) and 1
μL (10 Units) of T4 polynucleotide kinase (New England BioLabs) in a 10 μL reaction

43

volume at 37°C for 30 min. Labeling was inactivated by heating at 65ºC for 20 min.
Transcribed RNAs were labeled by including [α-32P] ATP (PerkinElmer) in the reaction
mixture (without reducing the concentration of ATP). All gel experiments were repeated
at least twice and showed no significant differences. Quantifications of gel data, using
ImageJ v1.52a (116, 117) on unprocessed and uncompressed TIF output, are presented in
Appendix Figure A4,A5,A7,A8.

3.3 Results
The determination that 3’ end additions arise from (transient, active site bound)
RNA structures in which the 3’ end of the nascent RNA folds back on itself to prime
extension (78), points to a potential intervention to competitively inhibit this process. The
addition to the reaction of a short capture DNA complementary to the 3’ end of the expected
runoff RNA should drive formation of an RNA-DNA hybrid, as shown in Figure 3.1,
inhibiting self-primed extension. However, the possibility exists that RNA polymerase
might in turn carry out primed synthesis from the 3’ end of the capture DNA (118),
generating partially chimeric double stranded impurities. To prevent such 3’ extension of
the DNA, for all capture DNAs used here we replace the 3’ sugar hydroxyl of the 3’
terminal base with an amino group. While other 3’ sugar modifications should similarly
prevent nucleotide addition (phosphoryl transfer), 3’ amino modification of DNA is
commercially available during synthesis, at minimal added expense.
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3.3.1 Self-primed extension of synthetic RNA is inhibited by 3’ complementary
capture DNA
Our previous work demonstrated self-primed extension of a specific 24-base RNA,
synthesized as runoff from a DNA template or synthesized chemically (78). In that earlier
work, we demonstrated very efficient self-primed extension from synthetic RNA, in the
absence of T7 promoter DNA. The (same) synthetic RNA construct shown in Figure 3.1A
(25 µM) was incubated with T7 RNA polymerase and 0.4 mM of each NTP for 0 min, 5
min and 4 h at 37°C. The results shown in Figure 3.1B in the absence (–) of 25 µM capture
DNA show that in a 5 min reaction the synthetic RNA readily extends to longer RNA
products that are chased to still longer products over 4 h, as observed previously (78).
As predicted, the results in Figure 3.1B show that in the presence (+) of 25 µM of
the 17-base capture DNA (Figure 3.1C), self-primed extension is dramatically inhibited.
This demonstrates that the presence of 3’ complementary single stranded capture DNA is
an effective way to competitively prevent 3’ end additions.

3.3.2 Effect of varying the length of capture DNA in self-primed extension
The above data confirm that 17 bases of complementarity provides sufficient target
affinity for maximal competitive binding. How short can capture DNA be to still
effectively compete with functional binding of the free RNA to RNA polymerase? To test
the effect of the length of capture DNA, we conducted self-primed extension reactions with
25 µM synthetic RNA in the presence of 25 µM capture DNA oligonucleotides with lengths
of 14, 11 and 9 bases and compared them with 17-base capture DNA. All capture DNAs
were designed to hybridize to the RNA from its 3’ end, included a 3’ amino modification,
and were added to the reaction in equal concentrations to the synthetic RNA.
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Figure 3.1 Inhibition of self-primed extension of synthetic RNA. (A) Self-primed
extension reaction of synthetic RNA (B) denaturing (20% urea) gel electrophoretic
analysis: radiolabeled 24-base synthetic RNA was reacted with T7 RNA polymerase for 0
min, 5 min and 4 h, in the absence (–) or presence (+) of capture DNA. See Figure A4 for
quantification (C) DNA captures the 3’ end of the RNA, competing with self-primed
extension.
As shown in Figure 3.2, a 9-base capture DNA (Capture-9) is unable to compete
well with self-primed extension; the product profiles at both 5 min and 4 h are similar to
those in the reaction containing no capture DNA. In contrast, the 11-base capture DNA
(Capture-11) limits self-primed extension in a 5 min reaction but shows significant selfprimed extension in a 4 h reaction. To a first approximation, at 37°C, the 14-base capture
DNA (Capture-14) functions about as well as the 17-base capture DNA (Capture -17) in
preventing unwanted self-primed extension.

46

3’-H2N-CTTCTAAAT-5’

3’-H2N-CACTTCTAAAT-5’

3’-H2N-CTCCACTTCTAAAT-5’

3’-H2N-CATCTCCACTTCTAAAT-5’

≈Tm (°C)

Capture-9
Capture-11
Capture-14

1.4
14
32

Capture-17

38

4h

5 min

4h

5 min

4h

5 min

4h

Capture-9 Capture-11 Capture-14 Capture-17

5 min

4h

5 min

none

RNA-24

Extended

synthetic

Capture DNA

5’-GGAAUAAGUAGAGGUGAAGAUUUA -3’

24

Figure 3.2 Length optimization of capture DNA. Denaturing gel analysis, as in Figure
3.1B, in the absence and presence of 3’-modified complementary capture DNA
oligonucleotides of lengths 9, 11, 14 and 17-bases. Reactions were carried out at 37°C;
approximate predicted melting temperatures (119) are shown for the RNA/DNA duplexes.
The sequence of the RNA is presented for reference. See Figure A5 for quantification.

3.3.3 Capture DNA prevents self-primed extension during high yield transcription
We have previously shown that, as commonly carried out, when pushing
transcription reactions to high yield conditions (for example, 7.5 mM each NTP, and 4 h
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incubation at 37ºC), the desired runoff RNA can be a minority of the product (78). The
high concentration of runoff RNA drives its rebinding to the polymerase to effectively
compete with de novo initiation, and through the mechanism described above, generates
n+1, n+2 and substantially longer RNA products. Just as a 3’ complementary capture DNA
can block rebinding; we expect that it should also inhibit rebinding from competing with
initiation during transcription. To test this expectation, we added excess capture DNA to
an in vitro transcription reaction with template DNA encoding the above 24-base RNA
(with the same 3’ end as above, and with only a slight difference in the sequence from
position +4 to +6).
The results shown in the lanes labeled “24” in Figure 3.3A and 3.3B demonstrate
that, as expected, the presence (+) of 400 µM 3’ complementary capture DNA during a 4
h, high yield transcription reaction dramatically reduces formation of primer-extended
products relative to the reaction in the absence of capture DNA (–). Encoded expected
length RNA product increases substantially, while primer-extended products are reduced
dramatically.
We previously observed that not all RNAs efficiently prime self-extension (78). To
confirm that the presence of capture DNA does not interfere with synthesis of RNAs with
low propensity to form primer extended products, we carried out identical transcription
reactions on a template encoding RNA-24Alt that has been shown not to generate large
amounts of longer RNA products. The results presented in Figure 3.3 in the lanes labeled
“24Alt” confirm similar transcription profiles in both the presence (+) and absence (-) of
capture DNA complementary to 24Alt RNA, confirming that capture DNA has no negative
effect on transcription efficiency.

48

3.3.4 Generalizability of the 3’ capture DNA – length and sequence of the RNA
The RNAs synthesized above are short, allowing high resolution in the
electrophoretic analysis of primer extended RNA products. The capture DNA at 17 bases,
however, is only a bit shorter than the 24-base RNA itself. In order to extend the
observation to longer length RNA, we used the same 17-base 3’ complementary capture
DNA to sequester a RNA with the same 3’ terminal sequence, but with a 10 base insertion
in the upstream, uncaptured region of the RNA, yielding a 34-base RNA, labeled “34” in
Figure 3.3. The results shown in Figure 3.3 are essentially identical to the results on the
shorter 24-base RNA, indicating the expected inhibition of self-primed extension in the
presence of the complementary capture DNA.
Moreover, to confirm that this approach can be used as a general method to prevent
self-primed extension we tested the effect of capture DNA for transcription on a template
encoding a 24-base RNA with a different sequence, labeled “24B” in Figure A6. The
results presented in Figure A6 show that addition of capture DNA to the transcription
mixture can be used as a general method to inhibit self-primed extension for templates
encoding different RNA sequences.

3.3.5 Titration of capture DNA oligonucleotide
The above experiments were carried out with 400 µM capture DNA in solution on
the assumption that the RNA would not accumulate to levels higher than 400 µM. To
examine the effect of the concentration (total amount) of capture DNA, we conducted
transcription reactions under high yield condition in the presence of concentrations of
capture DNA ranging from 400 µM down to 100 µM. The results presented in Figure 3.4A,
show that while 400 µM capture DNA dramatically reduces RNA 3’ extension, reducing
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capture DNA concentration to 300 µM, 200 µM and 100 µM allows for increasing selfprimed extension. These results are consistent with the expected stoichiometric titration of
capture DNA by increasing product RNA. As product RNA concentrations exceed that of
capture DNA, residual free RNA now rebinds to RNA polymerase and primes extension.
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5’-GGAGGUAGUAGAGGUGAAGAUUUA -3’

24Alt 34

–+

RNA-24Alt:
5’-GGAGGUACUACGUCGACGCAUUUA -3’
3’-H2N-GATGCAGCTGCGTAAAT-5’

Extended

3’-H2N-CATCTCCACTTCTAAAT-5’

Capture-17:

Capture-17Alt:
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– + –+
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RNA-34:
5’-GGAGGUACGACUCGCACGUAGAGGUGAAGAUUUA-3’

Capture-17

3’-H2N-CATCTCCACTTCTAAAT-5’

Figure 3.3 Capture DNA eliminates self-primed extension during RNA synthesis.
Presence of 3’-complementary capture DNA sequesters product RNA, inhibiting selfprimed extension during transcription. (A) Encoded RNAs and corresponding capture
DNAs. (B) Denaturing (20% urea) gel analysis of 4 h high yield transcription reactions.
Transcripts were labeled by [α-32P] ATP. Lanes “24” above demonstrate clearly that
Capture-17 inhibits formation of primer extended products. Lanes “24Alt” show that for
an RNA sequence that does not promote self-primed extension, the presence of Capture17 has no effect. Finally, lanes “34” show that the effect is not dependent on the length of
the RNA and that self-primed extension proceeds farther on longer RNAs. See Figure A7
for quantification.
A more subtle interpretation might be that lower concentrations of capture DNA
yield lower fractional formation of RNA-DNA capture complex, due to incomplete
binding. To test this, we carried out transcription reactions in the presence of 200 µM
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capture DNA as a function of time. Consistent with the limiting stoichiometry model, at
the lower reaction times of 5 and 20 min (and therefore lower RNA concentrations), this
lower amount of capture DNA nevertheless effectively inhibits self-primed extension
(Figure 3.4B). The results confirm that the concentration of capture DNA (of tight binding
length and sequence) needs only to exceed the final concentration of RNA synthesized in
the reaction.
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Capture-17
400 300 200 100 µM

4h
– +

2h
– +

20 min 5 min
– +
– + 200 µM

Capture-17

Extended

Extended

0

B

24

24

Figure 3.4 Effect of concentration/stoichiometry of capture DNA. Denaturing (20% urea)
gel electrophoreses analysis. All transcripts were labeled by [α-32P] ATP. (A) High yield
transcription reaction (4 h) for RNA-24 in the presence of varying concentrations of
complementary capture DNA (Capture-17). (B) Time dependence of transcription reaction
products in the presence (+) or absence (-) of 200 µM capture DNA. See Figure A8 for
quantification.
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3.4 Discussion
Formation of longer RNA products during the synthesis of expected runoff RNA
has been reported by various research groups over the years. The origin of these undesired
longer RNA products synthesis has been attributed to different mechanisms, including
turn-around synthesis, in which RNA polymerase switches to the nontemplate strand at the
5’ end of the DNA template (45) , nontemplated addition (28, 36, 43), and primer extension
(38, 46, 48, 49, 78). In recent work using RNA-Seq to characterize products of
transcription, we have shown that cis self-primed extension is the main mechanism leading
to synthesis of these unexpected RNA products (78). In cis self-primed extension, as the
runoff RNA accumulates, it can rebind to the RNA polymerase in a mode wherein it folds
back on itself, priming transcription from its own upstream sequence as the template. Selfprimed extension of the runoff RNA leads to a reduction in the yield of the expected RNA
product, but more importantly, yields partially double stranded RNA impurities that may
interfere with its applications (e.g., triggering the innate immune response in therapeutic
applications).
In order to eliminate self-primed extension during high yield synthesis, we have
introduced a new approach involving the addition to the reaction of a short capture DNA
that is complementary to the 3’ end of the expected runoff RNA. Hybrid duplex formation
effectively sequesters the RNA 3’ end, preventing it from looping back on itself (or binding
in trans to another RNA) to prime RNA-templated extension. Furthermore, in order to
exclude the possibility that RNA polymerase uses this capture DNA as a primer, we
introduced a minor and inexpensive modification to capture DNA: replacement of the 3’
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hydroxyl group by an amino group in the current study, but other modifications should
readily serve the same function.

3.4.1 Model studies with synthetic RNA
As reported previously, incubation of synthetic RNA, RNA polymerase, and
substrate NTPs yields substantial self-primed extension (78). In contrast, the results
presented in Figure 3.1 show that the presence of a 1:1 ratio of 17-base capture DNA leads
to a dramatic reduction in the formation of primer extended products.
Effective competition by 3’ capture DNA should depend on the affinity of capture
DNA for the 3’ end of the RNA. Very approximate predictions suggest that 17-base capture
DNA should bind to its target RNA with a (free in solution) Tm of about 38°C. Shortening
capture DNA to 14, 11, and 9 bases will weaken affinity, as reflected in the predicted
melting temperatures. Not surprisingly, the results in Figure 3.2 demonstrate that capture
DNA complementary to only the 3’ terminal 9 bases does not inhibit self-primed extension
significantly. A 3’ complementary 11-base capture DNA shows evidence of competition
but is not effective at long reaction times. However, a 3’ complementary 14-base capture
DNA does provide effective competition. While it may seem surprising that
oligonucleotides with relatively weak predicted (in solution) affinities compete well, it
must be remembered that competition is relative to hairpins with only 2-3 base pair
(internal) stems. We have proposed that the latter functions in self-primed extension due
to interactions within the enzyme binding cleft that stabilize otherwise weak solution
structures. It is possible that capture DNA benefits from similar stabilization, but of course,
does not extend because of its 3’ amino modification.
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3.4.2 Application to transcription reactions
Extending the above to in vitro transcription reactions, we observed a similar
inhibition of self-primed extension in the presence of capture DNA, without substantial
inhibition of promoter-directed initiation (Figure 3.3). While precise quantification of total
RNA is complicated given the spread in product lengths, assays with a DNA template
encoding RNA that does not undergo significant self-primed extension (24Alt in Figure
3.3), does not show inhibition of promoter-directed synthesis by the appropriate 17-base
capture DNA. This suggests that RNA-DNA hybrid binding to RNA polymerase is not
overly strong, relative to promoter binding and de novo initiation.

3.4.3 Generalization to longer RNAs and other RNA sequences
To generalize these results to longer RNAs, we inserted 10 additional bases into the
template DNA sequence encoding RNA-24, yielding a new construct encoding a 34-base
RNA (RNA-34). The results shown in Figure 3.3 yield identical behavior: in the absence
of capture DNA, self-primed extension predominates, and in the presence, it is dramatically
reduced. We fully expect that any length RNA will benefit from this approach.
As an aside, this experiment also provides preliminary information on the possible
lengths of self-primed extension. In our original study, self-primed extension showed a
range of extended lengths, but rarely continued to the maximum theoretical length,
corresponding to the 5’ end of the RNA (78). It could be that self-primed extension is
fundamentally limited to short lengths, or alternatively, the functional complex may
weaken as it nears the 5’ end of the templating RNA. The results with promoter DNA
encoding a 34-base transcript strongly suggest the latter. Noting the compression of longer
length RNAs inherent in gel electrophoresis (see, for example, the DNA standards in Figure
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3.3), it appears that self-primed extension on 34-base RNA is extending to longer added
lengths than on 24-base RNA. This predicts that still longer RNA-RNA duplex formation
will occur on still longer RNAs, and indeed other studies have observed very long
extensions (48, 74).
To demonstrate the sequence generality of this approach, we tested the effect of
capture DNA on templates encoding different RNA sequence with high abundance of selfprimed extension products. The results in Figure A6 indicate inhibition of self-primed
extension in the presence of capture DNA complementary to the 3’ end of RNA.

3.4.4 Inhibition is controlled by stoichiometric competition
It is expected in this competitive inhibition that when runoff RNA concentrations
exceed that of capture DNA, the free residual RNA will now begin to prime self-templated
extension. The results presented in Figure 3.4A are consistent with this prediction, as lower
concentrations of capture DNA during transcription allow for some self-primed extension
during preparative-scale synthesis. Even 200 µM capture DNA allows for essentially
complete inhibition of self-primed extension at short times / low RNA levels, but as
transcription proceeds and RNA concentrations increase, self-primed extension begins to
increase, as capture DNA is consumed.
Finally, most researchers will want to remove the capture DNA from the reaction
and variety of approaches are common, as reviewed recently (120–122). The preferred
solution will likely depend on the length of the RNA. While denaturing gel purification
will readily separate product from capture DNA (and from enzyme, promoter DNA, and
abortive products), for RNAs significantly longer than the capture DNA, simpler
commercial kits exist.
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3.5 Summary
We demonstrate here a simple and practical solution to unwanted RNA self-primed
extension, allowing for dramatically improved RNA purity during in vitro transcription,
prior to any subsequent purification. Since runoff RNAs are not extended to long products,
overall yields will also typically increase. The results presented also broadly lay out some
of the experimental design considerations necessary to optimally achieve this benefit.
There is every reason to expect that this approach should be applicable to RNAs of any
length or sequence. Although intrinsic RNA structure involving the target region may
compete with capture DNA binding, the intrinsic structure alone may be sufficient to limit
self-primed extension (48).
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CHAPTER 4
EFFECTS OF PSEUDOURIDINE (Ψ) BASE MODIFICATION ON THE
FORMATION OF UNDESIRED DOUBLE STRANDED RNAS THROUGH
PRIMER EXTENSION BY T7 RNA POLYMERASE

4.1 Introduction
In recent years, RNAs including microRNAs (miRNAs), small interfering RNAs
(siRNAs), long non-coding RNAs (lncRNAs), messenger RNAs (mRNAs), aptamers, and
small guide RNAs (sgRNAs) in CRISPR application have shown a growing potential for
RNA-based therapeutics (12, 14, 17, 123–127). In order to synthesize RNAs for therapeutic
applications, especially for long RNAs such as mRNAs and lncRNAs, it is a very common
approach to use the T7 RNA polymerase in vitro, due to its robust activity, high fidelity,
and the ability to produce higher yield of product RNAs (14, 16, 53–55, 128).
However, as we mentioned earlier, transcription by T7 RNA polymerase is a
complex and multistep process that generates the expected runoff RNA, but also a wide
range of contaminating byproducts. These contaminants include short RNAs from abortive
cycling, early terminated RNAs, and RNAs longer than template encoded (28, 36–38, 42–
45) Additionally, in Chapter 2 we have shown that longer RNA byproducts are
predominantly formed by RNA templated cis primer extension (46–49, 78). In cis primer
extension, the released expected runoff RNA rebinds to the T7 RNA polymerase by folding
back on itself to pair its 3’ end with an upstream region to allow a primed extension to
longer RNAs, leading to the formation of double stranded RNA byproducts (78).
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Moreover, in vitro transcribed RNAs are often observed to stimulate the innate
immune response by activating endosomal and cytoplasmic innate immune receptors in
eukaryotic cells. Receptors such as Toll-like Receptors 3 (TLR3), TLR7 and TLR8, and
retinoic acid-inducible gene I (RIG-I), and melanoma differentiation-associated protein 5
(MDA5), which are natural receptors for responding to viral RNAs, recognizes foreign
RNAs and induce an immune response (56–63). In addition, double stranded RNAs lead
to activation of protein kinase RNA-activated (PKR), oligoadenylate synthetase (OAS),
and RNA-specific adenosine deaminase (ADAR), which results in the inhibition of protein
synthesis (66–68).
It has been reported that incorporation of naturally occurring modified nucleotides,
including pseudouridine (Ψ), 1-methylpseudouridine (m1Ψ), 5-methyluridine (m5U), 5methylcytidine (m5C), or 6-methyladenosine (m6A) during transcription reduces the
immunogenicity of in vitro transcribed RNAs (69, 70). Total replacement of uridine with
pseudouridine has been used commonly in RNA therapeutics to synthesize RNA with
reduced immunogenicity and improved translational capacity (70, 129).
Even though this naturally occurring base modification has been used widely to
eliminate the innate immune response, the exact mechanism remains unclear. One
proposed explanation is that this base modification limits or prevents the recognition of
foreign RNAs by immune receptors (70, 71, 73). Alternatively, pseudouridine may
eliminate the formation of immunogenic double stranded RNA contaminates, as it has been
illustrated that some undesired long RNAs do not form in the presence of pseudouridine
base modification (50, 74). However, it also has been demonstrated that this base
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modification may not be effective/necessary in reducing the innate immune response of in
vitro transcribed RNAs for therapeutic applications (74, 130).
Recently, it has been proposed that unusual antisense transcription with T7 RNA
polymerase from nontemplate DNA, independent of the T7 promoter sequence, leads to
the formation of antisense RNA. The antisense RNA from promoter-independent
transcription is complementary to the runoff RNA from promoter-dependent transcription,
which can pair with the runoff RNA to form immunogenic double stranded RNA (50). It
also has been reported that base modifications such as Ψ, m1Ψ, and m5C suppress the
formation of the mentioned antisense RNAs, and accordingly reduce the stimulatory
activity of MDA5 (50).
In this chapter, we demonstrate the impact of the base modification, specifically
pseudouridine (Ψ), on the formation of long double stranded RNA byproducts through cis
primer extension. We confirm that the total substitution of uridine triphosphate by
pseudouridine triphosphate in the transcription reaction reduces the formation of double
stranded RNAs by cis primer extension, supporting this alternative model for suppression
of the innate immune response. Additionally, the details of this effect are sequencedependent and can vary by the position of pseudouridine in the RNA sequence.

4.2 Materials and Methods

4.2.1 Reagents
DNA template and DNA nontemplate oligonucleotides for transcription reactions
were purchased from Integrated DNA Technologies (IDT) and sequences are shown in
Appendix Table A6. RNA oligonucleotides for primer extension reactions were
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synthesized with in vitro transcription reactions using DNA template as shown in Table
A6, and then purified by polyacrylamide gel electrophoresis (131). All transcription
reactions were conducted under ‘high yield’ reaction conditions using HiScribe™ T7 High
Yield RNA Synthesis Kit (New England BioLabs). Primer extension reactions were
performed using T7 RNA polymerase which was prepared and purified in our lab (115).
Pseudouridine triphosphate (ΨTP) was purchased from TriLink BioTechnologies.

4.2.2 In vitro transcription reactions and primer extension reactions
All ‘high yield’ transcription reactions were conducted using partially single
stranded DNA templates in which the nontemplate DNA only extends to position +2,
encoding 24-base runoff RNAs (28, 90). Transcription reactions containing 2 μM each of
template and nontemplate DNA, 7.5 mM each of guanosine triphosphate (GTP), cytidine
triphosphate (CTP), adenosine triphosphate (ATP), uridine triphosphate (UTP), and 1.5 μl
of T7 RNA Polymerase Mix™ in a 20 μl reaction final volume, were carried out at 37ºC
for 4 h. For transcription reactions with base modification, uridine triphosphate (UTP) was
fully replaced by pseudouridine triphosphate (ΨTP).
Primer extension reactions were performed at 37ºC for 5 min and 4 h using 0.75
µM gel-purified RNA, 0.4 mM each of NTPs and 0.5 µM of T7 RNA polymerase in a
transcription buffer containing 15 mM magnesium acetate, 30 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES), 25 mM potassium glutamate, 0.25 mM
ethylenediaminetetraacetic acid (EDTA), and 0.05% Tween-20. In primer extension
reactions with modified nucleotide, as above, uridine triphosphate (UTP) was fully
replaced by pseudouridine triphosphate (ΨTP).
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RNase Inhibitor Murine (New England BioLabs) was added to all reactions, and
reactions were stopped by heating at 70ºC for 5 min.

4.2.3 Radiochemical labeling and denaturing gel electrophoresis analyses
Transcription products and byproducts were analyzed by 20% polyacrylamide,
denaturing (7 M urea) gel electrophoresis. For transcription reactions, products were
labeled by the addition of a trace amount of [α-32P] ATP (PerkinElmer) in the transcription
mixtures, while keeping the concentration of ATP at 7.5 mM. For primer extension
reactions, transcripts from ‘high yield’ transcriptions, were first incubated by DNase I
(New England BioLabs) at 37°C for 30 min and then heat-inactivated at 70°C for 10 min.
Transcripts were incubated with Pyrophosphohydrolase/RppH (New England BioLabs) at
37°C for 1 h, and then with Shrimp Alkaline Phosphatase/rSAP (New England BioLabs)
at 37°C for 45 min to dephosphorylate 5’ ends of RNAs. Afterward, all reactions were
heated at 65°C for 5 min to inhibit phosphatase activity. Then the 5’ ends of gel-purified
expected runoff (24-base) RNAs (1.5µM) were labeled with [γ-32P] ATP (PerkinElmer) by
T4 polynucleotide kinase (New England BioLabs) (10 Units) at 37°C for 30 min. All gel
electrophoresis experiments were repeated at least two times with no significant
differences.

4.2.4 Library preparation, quantification, next generation sequencing and data
analysis
The library for TruSeq Small RNA was prepared based on the RNA-Seq method
that we developed in Chapter 2 (90). MiSeq® Reagent Nano Kit v2 (Illumina) was used to
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sequence the library using Illumina MiSeq sequencer (Illumina’s instructions). Data
analysis was conducted using the same modules from Chapter 2 (78).

4.3 Results

4.3.1 Pseudouridine (Ψ) base modification prevents/decreases longer double stranded
RNA byproducts that generated by cis primer extension
Transcription reactions were carried out for 4 h with NTP concentrations of 7.5 mM
each, ‘high yield’ conditions, using a DNA template (5N Template, Table A6) which
generates longer RNA byproducts through cis primer extension (78). As observed
previously and shown in Figure 4.1 by both gel electrophoresis and RNA-seq data analysis,
transcription with UTP generates low levels of the expected runoff (24-base). Transcription
by T7 RNA polymerase on this template produces a wide range of longer RNA byproducts,
by cis primer extension of the expected runoff RNA. To test the effect of the base
modification, pseudouridine (Ψ), we conducted a parallel transcription reaction replacing
uridine triphosphate (UTP) by pseudouridine triphosphate (ΨTP), encoding the same RNA
sequence (Figure 4.1A). Gel electrophoresis analysis in Figure 4.1B confirms a dramatic
reduction in the formation of longer RNA byproducts. Additionally, the yield of the
expected runoff RNA is increased in the presence of the base modification.
To further confirm our observation, we also performed RNA-Seq analysis on
parallel reactions with UTP and ΨTP. Analysis of the RNA-Seq data for RNAs ≥15 bases
in length by length profiles (Figure 4.1C), clearly reveals an increase in the yield of the
expected runoff RNA and a reduction in the formation of longer RNA byproducts in
transcription with ΨTP. Analysis of the most abundant sequence (Figure 4.1D) shows that

62

the percentage of the expected runoff RNA is increased from around 7% to 30.0% in the
transcription with ΨTP. Additionally, the percentage of RNAs with one additional
nucleotide (n+1), for this template n+C, also increased from around 9% to 29%. In
transcription with UTP, both n and n+1 RNAs are extended to longer lengths by cis primer
extension, which explains the low yield of these products. The data clearly demonstrate
that the expected runoff (n) RNA and n+1 RNAs are extended to longer lengths less in the
transcription with ΨTP.
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5N RNA

n=24

25% each
A,C,G,U

24

30%
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high yield conditions-UTP
Encoded:AGAGGUGAAGAUUUA
n+1
8.7% AGAGGUGAAGAUUUAC
n
7.4% AGAGGUGAAGAUUUA
6.9% AGAGGUGAAGAUUUACC n+2
3.2% AGAGGUGAAGAUUUACA n+2
3.0% AGAGGUGAAGAUUUACU n+2
2.0% AGAGGUGAAGAUU
2.0% AGAGGUGAAGAUUUAAC n+2
1.9% AGAGGUGAAGAUUUACCU
1.9% AGAGGUGAAGAUUUACACC
1.8% AGAGGUGAAGAUUU
1.5% AGAGGUGAAGAUUUC
1.4% AGAGGUGAAGAUUUACUU
1.4% AGAGGU
1.4% AGAGGUGAAGAUUUACCUCUACU
1.2% AGAGGUGAAGAUUUACCUCUAC
1.2% AGAGGUGAAGAUUUACAC
1.2% AGAGGUGAAGAUUUACCUCUA
1.2% AGAGGUGAAGAUUUACCUCUACA
1.2% AGAGGUGAAGAUUUACCUC

high yield conditions-ΨTP
Encoded:AGAGGΨGAAGAΨΨΨA
30.0% AGAGGΨGAAGAΨΨΨA
28.9% AGAGGΨGAAGAΨΨΨAC
4.4% AGAGGΨGAAGAΨΨΨACC
2.2% AGAGGΨGAAGAΨΨ
1.8% AGAGGΨGAAGAΨΨΨ
1.7% AGAGGΨGAAGAΨΨΨACΨ
1.3% AGAGGΨGAAGAΨΨΨACA
1.1% AGAGGΨGAAGAΨΨΨAΨΨ
1.1% AGAGGΨGAAGAΨΨΨC
1.1% AGAGGΨG
1.1% AGAGGΨGAAGAΨΨΨAΨC
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Figure 4.1 Comparing ‘high yield’ transcription reactions without and with modified
nucleotides, pseudouridine. (A) The encoded RNA sequence with 5N DNA template (24
bases). (B) Denaturing gel electrophoreses (20% denaturing urea) analysis of transcriptions
with UTP and ΨTP, labeled with [α-32P] ATP. (C) RNA-Seq counting of RNAs ≥15 bases
in length. (D) The most abundant RNA-Seq sequences from position +10 forward.
In order to determine how pseudouridine reduces the formation of longer undesired
RNA byproducts through cis primer extension, we looked carefully at high abundance
initiating sequence profiles for primer extended products in transcriptions with either UTP
or ΨTP (Figure 4.2A and 4.2B). The profile of extended products with an initial extension
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of CCU (shown in blue in Figure 4.2) represents around 13% of products in transcription
with UTP, while it drops down to 3% in transcription with ΨTP. We proposed a likely
hairpin structure with a 3 base-pair stem and a 4-base loop for initial priming of this profile
of extended products as shown in Figure 4.2C, profile (i) (a dotted gray rectangle surrounds
the suggested hairpin structure). The other two profiles of extended products with initial
extensions of CAC and CUU (Shown in green and red in Figure 4.2), respectively,
represent around 9% and 4% of products in transcription with UTP, which each drop to
less than 1% in transcription with ΨTP. Profiles (ii) and (iii) as shown in Figure 4.2C do
not show a good base-pairing at the 3’ end of RNA. The data presented in Figure 4.2A and
42.B demonstrate a high abundance of n+C additions in transcription with ΨTP compared
to in transcription with UTP. Therefore, a potential mechanism for the formation of theses
profiles in transcription with UTP, can be that the dissociated n+C RNA byproducts (likely
formed by mechanism in profile (i)) rebinds to enzyme and extends to longer length by
priming at different positions, providing a 3’ terminal base-pairing as demonstrated in
Figure 4.2C, profiles (ii) and (iii) (dotted gray rectangles surround the suggested hairpin
structures). Together, these results demonstrated a reduction in the population of initiating
sequence profiles in transcription with modified nucleotide. Therefore, it suggests that the
presence of the base modification pseudouridine in the stem-loop region might disrupt the
formation of the hairpin leading to reduced initiation of primer extension. Alternatively,
the primer extension may be reduced if pseudouridine in the RNA template impedes its
encoding of adenosine, or if ΨTP pairs or positions poorly opposite of adenosine in the
RNA template.

64

Encoded:AGAGGUGAAGAUUUA
13.4% AGAGGUGAAGAUUUACCU+
8.7% AGAGGUGAAGAUUUAC
8.7% AGAGGUGAAGAUUUACAC+
7.4% AGAGGUGAAGAUUUA
6.9% AGAGGUGAAGAUUUACC
4.4% AGAGGUGAAGAUUUACUU+
3.2% AGAGGUGAAGAUUUACA
3.0% AGAGGUGAAGAUUUACU
2.0% AGAGGUGAAGAUU
2.0% AGAGGUGAAGAUUUAAC
1.9% AGAGGUGAAGAUUUACUC+
1.8% AGAGGUGAAGAUUU
1.6% AGAGGUGAAGAUUUAACCU+
1.5% AGAGGUGAAGAUUUCACC+
1.5% AGAGGUGAAGAUUUC
1.4% AGAGGU
1.1% AGAGGUGAAGA

high yield-UTP

A

Encoded:AGAGGΨGAAGAΨΨΨA
30.0% AGAGGΨGAAGAΨΨΨA
28.9% AGAGGΨGAAGAΨΨΨAC
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2.2% AGAGGΨGAAGAΨΨ
1.8% AGAGGΨGAAGAΨΨΨ
1.7% AGAGGΨGAAGAΨΨΨACΨ
1.3% AGAGGΨGAAGAΨΨΨACA
1.1% AGAGGΨGAAGAΨΨΨAΨΨ
1.1% AGAGGΨGAAGAΨΨΨC
1.1% AGAGGΨG
1.1% AGAGGΨGAAGAΨΨΨAΨC

high yields -ΨTP

B

C
high yield conditions-UTP

high yield conditions-ΨTP

i)

CCU+

U
...UCC AUU A
~13% GGNNNNNGUAGAGGUGA A G

CCΨ+
~3%

Ψ
...ΨCC AΨΨ A
GGNNNNNGΨAGAGGΨGA A G

ii)

CAC+
~9%

U
...CACAU U
GGNNNNNGUAGAGGUGAA G A

CAC+

Ψ
...CACAΨ Ψ
~<1% GGNNNNNGΨAGAGGΨGAA G A

iii)

CUU+
~4%

CΨΨ+
...UUC A U
GGNNNNNGUAGAGGUGAAGA U
U

...ΨΨC A Ψ
~<1% GGNNNNNGΨAGAGGΨGAAGA Ψ
Ψ

Figure 4.2 Sequence distributions of transcription products and byproducts for ‘high yield’
transcription reactions with (A) UTP or (B) ΨTP. The expected runoff RNA is in bold (C)
Possible mechanism of hairpin structures for high abundance initiating sequence profiles.
Proposed hairpins with stem-loop are shown in dotted gray rectangles. Note that
distributive (multiple rebinding) pathways are also possible. Blue, green, and red
demonstrate initial extended sequences for high abundance initiating profiles.

4.3.2 Presence of pseudouridine in the hairpin (stem-loop) region leads to elimination
of primer extension
To test if pseudouridine in the stem-loop region destabilizes the hairpin which
consequently reduces primer extension, we designed a new DNA template (5N-L2 DNA
template as shown in Table A6) which has the same sequence as 5N DNA template with
the difference of changing the nucleotides in the stem-loop region of the encoded RNA
(Figure 4.3A, green shows the difference in the encoded RNA sequence). The 3’ end of the
expected runoff RNA (5N-L2 RNA) also folds back on itself in an upstream region and
primes its extension to longer RNAs, however there is no encoded U/ Ψ in the hairpin
region (gray dotted rectangle) for the high abundance initiating sequence profile with initial
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extension of CCU (Figure 4.3). As expected, and shown in Figure 4.3B, transcription on
5N-L2 DNA template produces the expected 24 bases runoff RNA and also longer than
template encoded RNAs through cis primer extension. In transcription with ΨTP, we see a
general reduction in the total yield of RNA, as reported previously (132). However, the
base modification does not alter the relative amounts of longer RNAs relative to the
expected runoff RNA. Accordingly, the data suggest that pseudouridine reduces primer
extension in constructs that have this base modification in the stem-loop region, by
affecting the structure and/or the stability of the hairpin.

B
5N RNA

5N-L2 RNA

ΨTP

AUU A
GGNNNNNGUAGAGGUGA A G

Ψ
AΨΨ A
GGNNNNNGΨAGAGGΨGA A G

UTP

U

high yield conditions-ΨTP

ΨTP

high yield conditions-UTP

UTP

A 5N RNA

5N-L2 RNA
high yield conditions-UTP

G
GCC A
GGNNNNNGUAGAGGCGG A G
C

high yield conditions-ΨTP

G
GCC A
GGNNNNNGΨAGAGGCGG A G

24

G
CCG A G
GGNNNNNGUAGAGGC A
GG

Figure 4.3 Transcription with ΨTP in place of UTP reduces primer extension in constructs
that have the U/ Ψ in the hairpin (stem-loop) region, but not for constructs lacking U/ Ψ in
the stem-loop region. (A) Likely mechanism for high abundance initiating profile with a
initial extension of CCU for 5N RNA and 5N-L2 RNA. Green shows the differences in the
new encoded RNA, which does not have any U/ Ψ in the stem-loop region. (B) Denaturing
gel electrophoreses (20% denaturing urea) analysis of transcription with UTP and ΨTP,
labeled with [α-32P] ATP. (C) The alternative structure that can lead to reduced primer
extension.
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Not that 5N-L2 RNA show less primer extension compared to 5N, and one
explanation for that, as shown in Figure 4.3C, can be that GCC at position +21 can basepair with GGC at position +13 which forms a hairpin with comparable stability to that of
one shown in Figure 4.3A (dotted gray rectangle), but mismatches the 3’ terminal G
(opposite A). This structure could bind well to RNA polymerase, but not allow primer
extension.

4.3.3 Effects of pseudouridine as both the incoming and the templating base in
transcription
Data presented in section 4.3.2 proposed that reduced primer extension arises from
perturbations that alter the initial priming structures. An alternative explanation for the
reduced primer extension could be a lower efficiency of incorporation of Ψ opposite A in
the template RNA. In order to test the encoding efficiency, RNAs containing only U or Ψ
were prepared by ‘high yield’ transcription reactions in the presence of UTP or ΨTP on the
24-L2 DNA template (Table A6), which encodes the same RNA sequence as 5N-L2 RNA
with the only difference that the sequence from position +3 to +7 is not randomized (Figure
4.4A and 4.4B). Therefore, the encode runoff RNA does not have any U/Ψ in the stemloop region, allowing the direct test of the role of pseudouridine as both the templating and
the incoming base (with less effect of the structure of hairpins). Then the expected runoff
RNAs (24-base) were purified by denaturing gel electrophoresis.
We incubated the U-transcribed 24-base gel purified RNA (24-L2 RNA) with T7
RNA polymerase and NTPs for both 5 min and 4 h. Primer extension reactions were carried
out in the presence of UTP and ΨTP separately to check the impact of the base modification
on primer extension (Figure 4.4A). Gel electrophoresis data in Figure 4.4C indicate that
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the 24-base U-transcribed RNA (U-RNA) is not extended to longer RNA products in 5
min. However, in a 4 h reaction RNA gets extended to longer lengths in the presence of
both UTP and ΨTP with similar efficiency. The data suggest that adenosine (A) in the RNA
sequence encodes pseudouridine (Ψ) with similar efficiency as uridine (U) during primer
extension.
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U/Ψ opposite A

A opposite U/Ψ

U-Transcribed RNAs

U-Transcribed RNAs

G
U GCC A
GGAAUAAGUAGAGGCGGA G

G
GCC A
A
GGAAUAAGUAGAGGCGGA G

U-Transcribed RNAs

Ψ-Transcribed RNAs

G
Ψ GCC A
GGAAUAAGUAGAGGCGGA G

U-RNA
0 5 min

4h

Ψ-RNA
0 5 min 4 h

UTP
ΨTP
UTP
ΨTP

B

24-L2 RNA

UTP
ΨTP
UTP
ΨTP

A

G
GCC A
A
GGAAΨAAGΨAGAGGCGGA G

Figure 4.4 Pseudouridine as both the incoming and the templating base. (A) Primer
extension of U-transcribed RNA in the presence of U and Ψ. (B) Comparing the primer
extension of U-transcribed RNA and Ψ-transcribed RNA in the presence of U and Ψ. (C)
Denaturing gel electrophoreses (20% denaturing urea) analysis of primer extension of both
U-transcribed RNA and Ψ-transcribed RNA with both UTP and ΨTP. The 5’ end of gel
purified RNAs were labeled with [γ-32P] ATP.
Next, we tested the efficiency of pseudouridine (Ψ) to encode adenosine (A) during
primer extension. The gel purified Ψ-transcribed RNA (Ψ-RNA) was incubated with
enzyme and NTPs for 5 min and 4 h in the presence of either UTP or ΨTP (Figure 4.4B
and 4.4C). The data in Figure 4.4C demonstrate a slower extension of Ψ-transcribed RNA
compared to U-transcribed RNA in 4 h reactions, indicating that pseudouridine (Ψ)
encodes adenosine (A) with lower efficiency than does uridine (U). A lower efficiency of
pseudouridine to encode adenosine could slow overall primer extension of the expected
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runoff RNA, while significant, the effect does not seem to be as large as the effect of
pseudouridine in the hairpin region.

4.4 Discussion
In this study, we focused on the effect of the base modification, pseudouridine on
the formation of longer than template encoded double stranded RNA byproducts through
cis primer extension. As noted above, double stranded RNAs could be the primary
stimulants of the innate immune response in therapeutic applications of in vitro transcribed
RNAs (56, 60–63, 65–68). It has been shown by several studies that pseudouridine reduces
the immunogenicity of in vitro transcribed RNA (69, 70, 129). Here we demonstrate that
this base modification reduces the amount of primer extended byproducts, which in turn
could reduce the innate immune response. However, our data suggest that this effect may
vary depending on the position of the pseudouridine in the RNA sequence, which can be
consistent with other studies that demonstrated pseudouridine is not necessary or effective
in reducing the immune response (74, 130). We observed that constructs with
pseudouridine in the hairpin (stem-loop) region show an obvious reduction of the long
double stranded RNA byproducts and an increase in the yield on the expected runoff RNA,
while other constructs do not show any significant change. We proposed that pseudouridine
in the stem-loop region destabilizes the hairpin structure, which results in less primer
extension.
In addition, we demonstrated that pseudouridine appears to, at least for the
sequence studied here, encode adenosine with lower efficiency than does uridine, which
may also reduce the rate of primer extension. This lower efficiency could have multiple
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causes, including poor binding or poor positioning which could slow initiation or
elongation in priming. Alternatively, pseudouridine may favor misincorporation since it
can form a base-pair with A, G, U, and C (133). The resulted misincorporation could slow
subsequent extension.
In summary, our results demonstrate that pseudouridine suppresses the formation
of undesired double stranded RNA. However, the mechanisms appear to be varied and
sequence-dependent. Further studies of this base modification on a wider variety of RNA
sequences will shed still more light on the utility of base modifications in the therapeutic
application of RNAs.
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CHAPTER 5
C2’-METHOXYL MODIFIED NUCLEOTIDE AT THE 5’ END OF DNA
TEMPLATE LEADS TO A CHANGE IN THE PATTERN AND DISTRIBUTION
OF SELF-PRIMED EXTENSIONS DUE TO EARLY TERMINATION (N-1)

5.1 Introduction
As mentioned above, one of the challenges for using in vitro transcribed RNAs in
different applications is the 3’ end heterogeneity of transcribed RNAs (28, 36, 38, 45–49,
78). Kao and coworkers reported a dramatic reduction in the formation of longer than
template encoded RNA byproducts (n+1 and n+2) using DNA templates with a methoxy
group at the 2’ carbon of the ribose sugar (43). In this approach, base modifications are
introduced at the last two nucleotides, the penultimate nucleotide, or the last nucleotide at
the 5’ end of DNA template. They also reported that the reduction in the formation of n+1
RNAs can lead to an increase in the formation of the expected runoff (n) RNA (43).
However, it is unclear how this base modification prevents the formation of these
undesired RNA byproducts which has been known in the field as nontemplated additions.
In Chapter 2, we demonstrated that these byproducts are predominantly formed by cis
primer extension in which the 3’ end of the released runoff RNA loops back on itself in an
upstream region and primes its extension to longer length by using RNA itself as the
template (78). In this mechanism, template DNA plays no direct role in primer extension.
One possible explanation is that the modified nucleotide/s play an indirect role in cis primer
extension. We propose that the modified nucleotide/s in the DNA template foster
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misincorporation and/or early termination of RNA (n-1). The resulting RNA might then
not fold into efficient priming structures.
In this Chapter, we use RNA-Seq as a tool to determine the effect of the modified
nucleotide with ribose 2’-methoxyl at the 5’ end of DNA template on the transcription
profile. We observe that this modification results in an increase in early terminated RNA
byproducts (n-1). Early termination leads to a change in the 3’ terminal sequence of the
runoff RNA, which can subsequently either prevents the formation of n+i RNA byproducts
or change the sequence profile of n+i additions.

5.2 Material and methods
DNA oligonucleotide with C2’-methoxyl modified nucleotide at the 5’ end (5N
w/2’-O-methyl-T template) was purchased from IDT. The DNA template is designed to
encode the same RNA sequence as 5N template (Table A1). Transcription reactions were
conducted under ‘high yield’ conditions as described in Chapter 2. Gel electrophoresis,
library preparation for RNA-Seq, amplification and quantification of the library,
sequencing using MiSeq sequencer, and data analysis were as described in Chapter 2.

5.3 Results
In order to determine the precise effect of C2’-methoxyl modified nucleotide on in
vitro transcription by T7 RNA polymerase, including sequence, length, distributions and
abundancies of products and byproducts, we compared the transcription profiles from two
DNA templates that encode the same RNA sequence, one without base modification (5N
DNA template in Chapter 2) and the other with a single C2’-methoxyl modified nucleotide
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at its 5’ end, by both gel electrophoresis and RNA-Seq analysis. As shown in Chapter 2,
both DNA templates are expected to encode a 24 bases RNA. For the modified DNA
template, the last nucleotide at the 5’ end of DNA template is modified from thymine (T)

5N
AATTAATACGACTCACTATAGG
TTAATTATGCTGAGTGATATCCNNNNNCATCTCCACTTCTAAAT

50
5N w/ 2’-O-methyl-T

40

AATTAATACGACTCACTATAGG
TTAATTATGCTGAGTGATATCCNNNNNCATCTCCACTTCTAAAT
AT

30

2’-O-methyl-T

Expected Runoff RNA

GGNNNNNGUAGAGGUGAAGAUUUA

5N w/ 2’-O-methyl -T

5N

to 2’-O-methyl thymine (2’-O-methyl-T), indicated in red in Figure 5.1.

Tmplt
24-base
RNA

20

Figure 5.1 ‘High yield’ transcription reactions on DNA templates without and with a
modified nucleotide at the 5’ end. In the template with modified nucleotide, T at the 5’ end
of RNA is replaced by 2’-O-methyl-T which is shown in red. 20% denaturing urea gel,
stained with SYBR Green II RNA.
The data presented in Chapter 2 demonstrated that in the ‘high yield’ conditions,
the 5N DNA template produces the expected 24-base RNA and a wide range of longer than
template encoded byproducts (n+i). Additionally, we confirmed that these byproducts are
formed by cis primer extension, in which the released expected runoff RNA rebinds to the
enzyme and extends to longer length (78). As a result of this extension, the expected 24
base RNA is not the most abundant RNA product as shown here in Figures 5.1 and 5.2.
The gel analyses presented in Figure 5.1 does not show any significant reduction in the
extended products from the reaction using the DNA template with a modified nucleotide
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at 5’ end. We still observed a low abundance of the expected runoff RNA and a high
abundance of n+i RNA byproducts in transcription with modified nucleotide.

5.3.1 C2’-methoxyl modified nucleotide at the 5’ end of DNA template promotes early
termination (n-1)
In contrast to the gel analyses, however, RNA-Seq analyses reveal a large
difference in the transcription profile. As shown in Figure 5.2, analysis of the most
abundant sequences for DNA template with a modified nucleotide demonstrates that the
most abundant RNA is 23 bases (n-1), one nucleotide shorter than the expected runoff RNA
(n=24). Data presented in Figure 5.2 for RNA≥15 shows that about one-fifth of the
products of transcription on the modified template are n-1 products, while this number in
the absence of the modified nucleotide is around 2%. These data clearly reveal that the
modified nucleotide (2’-O-methyl-T) at the 5’ end of DNA template is failing to encode
adenosine (A) in the RNA sequence with the same efficiency as does T, inducing early
termination.

5.3.2 Early terminated RNAs can get extended to longer RNAs with different profile
for initial priming
Despite that, the DNA template with modified nucleotide still produces a wide
range of byproducts that are not fully encoded by the DNA template (n+1, n+2, and n+i).
This is consistent with our model that the released runoff RNA (in the case of DNA with
modified nucleotide, the high abundance n-1) can prime on itself in an upstream region and
extend to longer RNAs (78). In addition, as we reported previously, this RNA-templated
primer extension depends on the sequence of RNA at the 3’ end and its upstream region
(78). As we mentioned in Chapter 2, the distribution of products from the 5N DNA
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template reveals two high abundant sequence profiles for initial priming, which reflect
possible mechanisms for primer extension (Figures 5.3A and 5.3B, blue and purple
additions). These two most abundant profiles derive from the expected runoff RNA (n)
with initial extensions of CCU and CAC, as shown in profile (i) and (ii) in Figure 5.3B
(Blue and purple additions). For the DNA template with the modified nucleotide, the
distribution of products indicates a different high abundant profile for initial priming. This
most abundant profile appears to derive from n-1 RNA products with the initial sequence
of CAC as shown in profile (iii) in Figure 5.3B (additions in orange), which form a hairpin
with a 2 base-pair stem and 3 bases loop size.

5N

5N w/ 2’-O-methyl-T
AATTAATACGACTCACTATAGG
AT
TTAATTATGCTGAGTGATATCCNNNNNCATCTCCACTTCTAAAT

AATTAATACGACTCACTATAGG
TTAATTATGCTGAGTGATATCCNNNNNCATCTCCACTTCTAAAT

Encoded:
8.7%
7.4%
6.9%
3.2%
3.0%
2.0%
2.0%
1.9%
1.9%
1.8%
1.5%
1.4%
1.4%
1.4%
1.2%
1.2%
1.2%
1.2%
1.2%

AGAGGUGAAGAUUUA
AGAGGUGAAGAUUUAC
AGAGGUGAAGAUUUA
AGAGGUGAAGAUUUACC
AGAGGUGAAGAUUUACA
AGAGGUGAAGAUUUACU
AGAGGUGAAGAUU
AGAGGUGAAGAUUUAAC
AGAGGUGAAGAUUUACCU
AGAGGUGAAGAUUUACACC
AGAGGUGAAGAUUU
AGAGGUGAAGAUUUC
AGAGGUGAAGAUUUACUU
AGAGGU
AGAGGUGAAGAUUUACCUCUACU
AGAGGUGAAGAUUUACCUCUAC
AGAGGUGAAGAUUUACAC
AGAGGUGAAGAUUUACCUCUA
AGAGGUGAAGAUUUACCUCUACA
AGAGGUGAAGAUUUACCUC

Encoded:
21.9%
8.9%
4.1%
3.4%
2.9%
2.4%
1.9%
1.9%
1.9%
1.7%
1.6%
1.4%
1.3%
1.1%
1.1%
1.0%

2’-O-methyl-T

AGAGGUGAAGAUUUA
AGAGGUGAAGAUUU
AGAGGUGAAGAUUUC
AGAGGUGAAGAUUUA
AGAGGUGAAGAUUUCACC
AGAGGUGAAGAUUUAAC
AGAGGUGAAGAUUUCAC
AGAGGUGAAGAUUUAC
AGAGGUGAAGAUUUCA
AGAGGUGAAGAUU
AGAGGUGAAGAUUUCACCU
AGAGGUGAAGAUUUAA
AGAGGUGAAGAUUUCACCUCUA
AGAGGUGAAGAUUUACA
AGAGGUGAAGA
AGAGGUGAAGAU
AGAGGUGAAGAUUUACC

Figure 5.2 The modified nucleotide at the 5’ end of DNA template leads to early
termination. The most abundant RNA-Seq sequences from position +10 forward for 5N
DNA template and DNA template with the modified nucleotide (5N w/ 2’-O-methyl-T).
RNA-Seq analyses for RNAs ≥15 bases in length. Green shows the expected runoff RNA
and red shows early terminated RNAs (n-1).
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5.4 Discussion
These data clearly show that incorporation of the C2’-methoxyl modified
nucleotide at the 5’ end of DNA template causes difficulty in the incorporation efficiency
of the last nucleotide, resulting in early termination. For sequence used in this study, early
terminated products can then be extended to longer length through cis primer extension but
using a different initial priming structure. However, if the early terminated products do not
have the complementary sequence with a sequence in the upstream region, then we may
observe an increase in the yield of (around, n-1) the expected runoff RNA, comparing to
transcription on the template without any modification. It is important to note that the
increase is not directly due to the modified nucleotide, but it is as a result of a change in
the sequence of the runoff RNA. Therefore, the outcome of this modification depends on
the sequence of the RNA at its the 3’ end and the sequence in the upstream region of RNA.
The observed high abundance of early terminated RNAs (n-1) in transcription with
the modified nucleotide might have been attributed to the ligation bias. In other word,
RNAs with …AUUU-3’ might ligate more efficiently comparing to RNAs ending with
…AUUUA-3’. However, the observation that primer extended products in the transcription
with modified nucleotide are mostly deriving from n-1 RNA products, as shown in profile
(iii) Figure 5.3B, rules out the ligation bias. Yet, we should always be aware of potential
biases in sequencing when comparing relative counts of different RNA sequences within
an experiment.
We can do further experiments, to test the effect of the modification of the last two
nucleotides or penultimate nucleotide. Also, the effect of this modification on a DNA
template that shows an obvious reduction on primer extended products with the modified
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nucleotide, for example one of the sequences from Kao and coworkers (43), can provide
us a better insight into this modification.

A

5N
Encoded:
11.5%
8.7%
7.5%
7.4%
6.9%
3.2%
3.0%
3.0%
2.0%
2.0%
1.9%
1.9%
1.8%
1.6%
1.5%
1.5%
1.4%
1.4%
1.2%
1.1%

5N w/ 2’-O-methyl-T
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AGAGGUGAAGAUUUACUU+
AGAGGUGAAGAUUUACU
AGAGGUGAAGAUU
AGAGGUGAAGAUUUAAC
AGAGGUGAAGAUUUACCU
AGAGGUGAAGAUUUACUC+
AGAGGUGAAGAUUU
AGAGGUGAAGAUUUAACC+
AGAGGUGAAGAUUUCACC+
AGAGGUGAAGAUUUC
AGAGGUGAAGAUUUACUU
AGAGGU
AGAGGUGAAGAUUUACAC
AGAGGUGAAGA

B

Encoded:
21.9%
9.4%
8.9%
4.1%
3.4%
2.9%
2.4%
2.3%
2.1%
1.9%
1.9%
1.9%
1.7%
1.6%

AGAGGUGAAGAUUUA
AGAGGUGAAGAUUU
AGAGGUGAAGAUUUCACC+
AGAGGUGAAGAUUUC
AGAGGUGAAGAUUUA
AGAGGUGAAGAUUUCACC
AGAGGUGAAGAUUUAAC
AGAGGUGAAGAUUUCAC
AGAGGUGAAGAUUUACCU+
AGAGGUGAAGAUUUACAC+
AGAGGUGAAGAUUUAC
AGAGGUGAAGAUUUCA
AGAGGUGAAGAUU
AGAGGUGAAGAUUUAACC+
AGAGGUGAAGAUUUAA

Possible mechanisms for Primer Extension

(i)

(ii)

(iii)

U
AUU A
GGNNNNNGUAGAGGUGA G
A

U
AUU A
GGNNNNNGUAGAGGUGA G
A

U
UU A
GGNNNNNGUAGAGGUGAA G

U
...CAUCUCCAUU A
GGNNNNNGUAGAGGUGA G
A

U
CAUU A
GGNNNNNGUAGAGGUGA G
A

U
...CAUCUCCACUU A
GGNNNNNGUAGAGGUGAA G

release
rebind

U
...CUCCACAU U
GGNNNNNGUAGAGGUGAA GA

Figure 5.3 Early terminated products in the transcription with the modified nucleotide get
extended to longer RNA length by primer extension. (A) Distribution of products for 5N
DNA template and DNA template with modified nucleotide (5N w/ 2’-O-methyl-T). (B)
Likely mechanisms for primer extension. Green shows the expected 24 bases runoff RNA
and its n+i extensions either through profile (i) or profile (ii). Red shows n-1 RNA (23
bases) and its n+i extensions through profile (iii). Blue and purple demonstrate the two
high abundant initiating profiles for 24 bases RNA. Orange demonstrates the high abundant
initiating profile for n-1 RNA (23 bases).
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CHAPTER 6
SUMMARY AND FUTURE DIRECTIONS

6.1 Summary
The T7 family of RNA polymerase is a single subunit highly processive enzyme
which has been widely used to synthesis RNA in vitro for different biological applications.
However, transcription is a complex and multistep process that generates the expected
runoff RNAs contaminating with shorter RNAs (abortive cycling and early termination)
and longer than template encoded RNAs (28, 35, 36, 38, 48, 49). The main objective of
this study is to determine the origin and mechanism of the formation of RNAs that are
longer than the expected runoff RNA (n+1, n+2, and n+i), and to apply this mechanistic
understanding to improve RNA synthesis.
In order to reach this goal, we developed an RNA-Seq approach to analyze products
and byproducts of in vitro transcription reactions. This new tool provides precise detailed
information about sequences, length of sequences and relative abundance of products and
byproducts. Using RNA-Seq and mechanistic enzymology, followed by classical
hypothesis testing, we unambiguously confirmed a model in which the longer undesired
RNA contaminants are formed predominantly through RNA-templated cis primer
extension. In cis primer extension, as we showed in chapter 2 (Figure 2.8), the released
runoff RNA from promoter-dependent transcription rebinds to the enzyme by folding back
on itself in an upstream region and primes its extension to longer length using itself as the
template. This primer extension can lead to the formation of n+1, n+2 or even longer RNA
byproducts. We also demonstrated that cis primer extension is promotor-independent and

78

competes favorably with promoter-dependent transcription in high concentration of RNAs.
The T7 RNA polymerase is a DNA-dependent RNA polymerase that favors biding to the
T7 DNA promoter sequence and de novo initiation of transcription. However, in high
concentration of RNAs mass action drives rebinding of the runoff RNA to the enzyme and
subsequent primer extension. Moreover, we illustrated that primer extension is sequencedependent, in which it only occurs if the 3’ end of the runoff RNA has some
complementarity with a sequence in the upstream region of itself (2 or 3 base-pair).
Furthermore, this process is heterogeneous in both the initial priming and the length of
extensions, and also distributive in nature, leading to a wide range of double stranded RNA
byproducts.
It has been reported that in vitro transcribed RNAs induce the innate immune
response in therapeutic applications (14, 46, 54). The double stranded RNAs formed by cis
primer extension can be the possible explanation for activation of the innate immune
response, and also lead to a reduction in the yield of the expected runoff RNA. In Chapter
3, we introduced a new method to prevent cis primer extension based on our deep
understanding of its origin, leading to an improved RNA synthesis yield and purity. We
demonstrated that inclusion in the reaction of a short DNA oligonucleotide (capture DNA)
complementary to the 3’ end of the expected runoff RNA prevents primer extension. The
short capture DNA (17-base) binds to the 3’ end of the runoff RNA, preventing it from
folding back on itself and therefore inhibiting cis primer extension (Figure 6.1). For
efficient inhibition of primer extension, the concentration of capture DNA needs only to
exceed the final concertation of RNA synthesized in the transcription reaction. This method
can be used for RNAs with different sequences and lengths, however the binding affinity
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of capture DNA for the 3’ end of RNA is important for effective inhibition. Moreover, we
showed that the high concentration of capture DNA does not interfere with promoterdependent transcription of an RNA sequence which is designed to not form the hairpin for
primer extension.

initiation

initial transcription

3’

RNA polymerase

primer extension

3’

3’
elongation

Rn

3’

elongation at/near
end of template

Figure 6.1 Efficient inhibition of primer extension by addition of a short capture DNA.
Addition to the reaction of capture DNA provides competitive inhibition of primer
extension. Binding of capture DNA (bright blue) to the 3’ end of the runoff RNA (red)
prevents RNA from looping back on itself and consequently inhibits primer extension.
Additionally, total replacement of uridine with pseudouridine for in vitro
transcription by T7 RNA polymerase has been used commonly in RNA therapeutics in
order to synthesize RNAs with reduced immunogenicity (69, 70, 129), however, the exact
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mechanism is still unclear. In Chapter 4 we investigated the impact of the base
modification, in specific pseudouridine (Ψ), on the formation of long double stranded RNA
byproducts through cis primer extension, and the underlying mechanism for inhibition of
the innate immune response. RNA-Seq experiments were conducted to gain detailed
information on the effect of pseudouridine on transcription profile, including sequences,
lengths, and distributions of synthesized RNAs. Our data shows that pseudouridine reduces
the formation of double stranded RNAs formed through cis primer extension, and as a
result, improves the yield of the expected runoff RNA. However, this effect is sequencedependent and varies from one RNA sequence to another. To date, our data indicate that
pseudouridine only prevents primer extension in hairpin constructs that have this
modification in the stem-loop region, more likely by destabilizing the hairpin structure.
However, lower efficiency of pseudouridine to incorporate adenosine can also reduce
primer extension to some extent.
Finally, DNA template with C2’-methoxyl modified nucleotide at the 5’ end has
been used as a simple method to prevent the formation of longer undesired RNA
byproducts (43). In Chapter 5, we employed RNA-Seq as a tool to determine the effect of
this modification on the transcription profile. The RNA-Seq data clearly revealed that C2’methoxyl modified nucleotide at the 5’ end of DNA template results in an early terminated
RNA (n-1). The distribution profile from RNA-Seq data indicated that the early terminated
RNA (n-1) also gets extended to longer RNAs by folding back on itself since it has some
complementary sequence with a sequence in the upstream region. However, in the absence
of the complementarity, the n-1 RNA would not get extended to longer RNAs. Therefore,

81

this modified nucleotide can in some cases prevents n+i additions, but the effect is due to
the change in the sequence of the expected runoff RNA.

6.2 Future directions
The RNAs-Seq data showed that cis primer extension is sequence-dependent. A
better understanding of this sequence dependency can help us to guide RNA sequence redesign to prevent the formation of undesired RNA byproducts. The analysis of the
distribution of products in Chapter 2 reflected two high abundance initiating profile with 8
intervening bases. Both high abundant initiating profiles form hairpin structures with 2 or
3 base-pair stem and 4 bases loop. We investigated the effect of the size of hairpin by
inserting 2, 4, and 6 additional nucleotides to the loop region. As it is shown in Figure 6.2A
by increasing the size of the stem-loop construct, we observed a reduction in primer
extension and an increase in the yield of the expected runoff RNA. Further systematically
varying the size of stem-loop, as it also has been done by Miller (46), for different RNA
sequences can provide us practical design guidance.
Additionally, we can gain a better understanding of sequence and structural
dependencies of primer extension by RNA-Seq analysis of targeted randomization of DNA
template. For example, sequences (i) and (ii) in Figure 6.2B provide us with more
information about sequence dependencies of stem and loop regions, while sequences (iii)
and (iv) in Figure 6.2B provide us with information about both sequence and length of
stem-loop regions.
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A

B

24 26 28 30

U
AUU A
… GUAGAGGUGA G
A

30
28
26
24

AUUUA
…AGGUGAAG

24

28

AUUU AG A
…AGGUGAA C AC

G
30
AUUU A AC
AUUU AG
…AGGUGAA C A …AGGUGAA CA CA

26

(i)
(ii)
(iii)
(iv)

GUAGAGGNNNAGAUNNN -3’
GUAGAGGUGANNNNUUA -3’
GUANNNNNNNAGAUUUA -3’
GUAGAGGUGANNNNNNN -3’

Figure 6.2 Sequence and structure characterization to guide RNA sequence re-design. (A)
Increasing the stem-loop size by insertion 2, 4, and 6 nucleotides (bright purple) into the
loop region of 5N RNA (labeled as 24 in the figure). Denaturing urea gel (20%), stained
with SYBR Green II RNA. (B) Examples of targeted randomization to gain more
information about both sequence and structure dependency of primer extension.
In conclusion, this study demonstrated the complementary application of RNA-Seq
and mechanistic enzymology to gain further insight into in vitro transcription by T7 RNA
polymerase. RNA-Seq can be used to study the sequence dependency of abortive cycling
or other early terminated RNA byproducts. This understanding can further help us to
improve both the yield and purity of RNA which has a significant impact on many
nanotechnology and therapeutic applications. Additionally, these findings demonstrate the
promise of RNA-Seq to study a wide range of enzymes.
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APPENDIX
SEQUENCES USED IN THE STUDY, ADDITIONAL RNA-SEQ DATA, AND
QUANTITATIVE SCAN OF ELECTROPHORETIC DATA
Table A1 Sequences used for transcription in Chapter 2

T7 promoter sequences are underlined

Table A2 Sequences for RNA-Seq library preparation in Chapter 2

Designed barcode sequences for each 5’ adapter are underlined
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Table A3 Illumina primers for TruSeq Small RNA Library in Chapter 2
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Table A4 Summary of sequence data populations for each RNA-Seq data set.
Experiments were multiplexed (typically, 10 per sequencing run), as a single sequencing
run yields far more sequence reads than necessary for this study. The first data column
below is the actual percentage that the indicated sequence set represents in the larger
sequencing run. Runs were not multiplexed equally, as sequences with more complexity
(e.g. randomization) warrant deeper reads.
The remaining columns are labeled as in the lower right of the Figure 2.1 flow chart, and
as in that chart, follow on each other, left to right. “Raw Seq Reads” were trimmed of
adapters (only sequences with both 5’ and 3’ adapters were retained), then filtered to
remove primer dimers and single base inserts, and were finally filtered to analyze only
reads that begin with the expected initial sequence GG.
For the promoter driven transcription reactions (i.e., all except “24mer”), abortive products
represent the majority of captured products (“GG starts”), as typically observed in gel
electrophoresis. As they are not the focus of this study, they were removed by filtering for
only sequences 15 bases in length or longer. For 3’ end analyses, sequences were further
aligned to an encoded upstream sequence beginning at position +10, which adjusts for misinitiation or slippage in the first few bases of the transcript.

Percent in
Multiplex

Raw Seq
Reads

Adapter
Trimmed

Trimmed

GG starts

≥15mer

≥15mer &
align

5N (low yield)

6.9%

36,026

24,752

23,706

20,626

6,193

5,905

5N (high yield)

25.2%

130,900

91,932

85,488

47,356

19,283

17,350

5N (high yield)
replicate

9.9%

92,929

74,784

70,973

33,967

14,725

13,412

24mer
(low yield)

3.9%

37,206

25,322

21,880

1,442

1,218

1,162

3N (high yield)

10.3%

96,796

71,068

67,112

33,353

7,702

7,177

Mapped reads ‘≥15mer’ have been deposited in the Small Read Archive (SRA) with the
BioProject accession code PRJNA486161, with entries SAMN09839052 (5N low yield),
SAMN09839053 (5N high yield), SAMN09839054 (5N high yield, Replicate),
SAMN09839055 (24mer low yield), SAMN09839056 (3N high yield).
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Table A5 Sequences used for transcription and primer extension reactions in Chapter 3

T7 consensus promoter sequences (non-transcribed region) are underlined.

Table A6 Sequences used for transcription in Chapter 4

T7 promoter sequences are underlined
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A

5N high yield conditions
Encoded:

1520
1293
1214
558
522
361
335
335
320
312
253
247
242
239
222
220
202
200
199
181
180
178
151
144
136
136
134
127
108
105
100
90

8.8%
7.5%
7.0%
3.2%
3.0%
2.1%
1.9%
1.9%
1.8%
1.8%
1.5%
1.4%
1.4%
1.4%
1.3%
1.3%
1.2%
1.2%
1.1%
1.0%
1.0%
1.0%
0.9%
0.8%
0.8%
0.8%
0.8%
0.7%
0.6%
0.6%
0.6%
0.5%

AGAGGUGAAGAUUUA
AGAGGUGAAGAUUUAC
AGAGGUGAAGAUUUA
AGAGGUGAAGAUUUACC
AGAGGUGAAGAUUUACA
AGAGGUGAAGAUUUACU
AGAGGUGAAGAUU
AGAGGUGAAGAUUUACCU
AGAGGUGAAGAUUUAAC
AGAGGUGAAGAUUU
AGAGGUGAAGAUUUACACC
AGAGGUGAAGAUUUC
AGAGGUGAAGAUUUACUU
AGAGGUGAAGAUUUACCUCUACU
AGAGGU
AGAGGUGAAGAUUUACCUCUAC
AGAGGUGAAGAUUUACAC
AGAGGUGAAGAUUUACCUCUA
AGAGGUGAAGAUUUACCUCUACA
AGAGGUGAAGAUUUACCUC
AGAGGUGAAGAUUUACUC
AGAGGUGAAGA
AGAGGUG
AGAGGUGAAGAUUUACACCUCUA
AGAGGUGAAGAUUUACUUC
AGAGGUGAAGAUUUCACC
AGAGGUGAAGAU
AGAGGUGAAGAUUUACUA
AGAGGUGAAGAUUUACACCU
AGAGGUGAAGAUUUACACCUCUAC
AGAGGUGAAGAUUUAA
AGAGGUGAAGAUUUACG
AGAGGUGAAGAUUUCAC

17350 Sequences ≥15 bases long and
aligning to the sequence ‘AGAGG’

B

C

5N high yield conditions - replicate
Encoded:
1346
1002
941
529
395
342
315
242
233
208
198
185
174
167
164
154
154
146
143
143
140
127
111
111
109
108
104
100
95
85
83
81
75
72

10.0%
7.5%
7.0%
3.9%
2.9%
2.5%
2.3%
1.8%
1.7%
1.6%
1.5%
1.4%
1.3%
1.2%
1.2%
1.1%
1.1%
1.1%
1.1%
1.1%
1.0%
0.9%
0.8%
0.8%
0.8%
0.8%
0.8%
0.7%
0.7%
0.6%
0.6%
0.6%
0.6%
0.5%

5N low yield conditions
Encoded:

AGAGGUGAAGAUUUA

1744
1108
728
231
187
185
169
141
127
102
92
79
75
72
69
61
44
36
32

AGAGGUGAAGAUUUA
AGAGGUGAAGAUUUAC
AGAGGUGAAGAUUUACC
AGAGGUGAAGAUUUACA
AGAGGUGAAGAUUUACU
AGAGGUGAAGAUUU
AGAGGUGAAGAUUUACCU
AGAGGUGAAGAUU
AGAGGUGAAGAUUUACUU
AGAGGUGAAGAUUUACACC
AGAGGUGAAGAUUUC
AGAGGUGAAGAUUUACCUC
AGAGGUGAAGAUUUAAC
AGAGGUG
AGAGGUGAAGAUUUACCUCUACU
AGAGGUGAAGA
AGAGGUGAAGAUUUACCUCUA
AGAGGUGAAGAUUUACAC
AGAGGU
AGAGGUGAAGAUUUACUC
AGAGGUGAAGAUUUACCUCUACA
AGAGGUGAAGAUUUACUUC
AGAGGUGAAGAUUUACUA
AGAGGUGAAGAUUUACACCUCUA
AGAGGUGAAGAUUUACG
AGAGGUGAAGAUUUACCUCUAC
AGAGGUGAAGAUUUACACCU
AGAGGUGAAGAUUUCACC
AGAGGUGAAGAUUUAA
AGAGGUGAAGAUUUAU
AGAGGUGAAG
AGAGGUGAAGAU
AGAGGUGAAGAUUUACCC
AGAGGUGAAGAUUUAUU

29.5%
18.8%
12.3%
3.9%
3.2%
3.1%
2.9%
2.4%
2.2%
1.7%
1.6%
1.3%
1.3%
1.2%
1.2%
1.0%
0.7%
0.6%
0.5%

AGAGGUGAAGAUUUA
AGAGGUGAAGAUUUA
AGAGGUGAAGAUUUAC
AGAGGUGAAGAUUU
AGAGGUGAAGAUU
AGAGGUGAAGA
AGAGGUGAAGAUUUACC
AGAGGUGAAGAU
AGAGGUG
AGAGGUGAAGAUUUAA
AGAGGUGAAGAUUUAU
AGAGGUGAAG
AGAGGUGAAGAUUUACA
AGAGGU
AGAGGUGAA
AGAGGUGAAGAUUUACU
AGAGGUGAAGAUUUAAC
AGAGGUGAAGAUUUC
AGAGGUGA
AGAGGUGAAGAUUUACG

5905 Sequences ≥15 bases long and
aligning to the sequence ‘AGAGG’

D

3N high yield conditions
Encoded:

988
837
639
456
432
411
281
242
239
185
180
175
166
109
98
92
59
38

13.8%
11.7%
8.9%
6.4%
6.0%
5.7%
3.9%
3.4%
3.3%
2.6%
2.5%
2.4%
2.3%
1.5%
1.4%
1.3%
0.8%
0.5%

ACGUCGACGCAUUUA
ACGUCGACGCAUUUAC
ACGUCGACGCAUUUAG
ACGUCGACGCAUUUA
ACGUCGACGCAUUU
ACGUCGACGC
ACGUCGACGCAUU
ACGUCGACGCA
ACGUCGA
ACGUCGAC
ACGUCGACGCAUUUAA
ACGUCGACGCAUUUAGA
ACGUCGACG
ACGUCGACGCAUUUAGC
ACGUCGACGCAUUUACC
ACGUCGACGCAUUUAU
ACGUCG
ACGUCGACGCAU
ACGUCGACGCAUUUACU

7177 Sequences ≥15 bases long and
aligning to the sequence ‘ACGUC’

13412 Sequences ≥15 bases long and
aligning to the sequence ‘AGAGG’

Figure A1 Comparison of the most abundant 3’ end heterogeneities. (A) the same data as
in Figure 2.2C, high yield, but extended to sequences representing ≥0.5% of the pool and
showing the actual counts of each sequence; (B) a replicate run of that experiment,
indicating very good reproducibility; (C) the same data as in Figure 2.2C, low yield; (D)
the same data as in Figure 2.6D, using template 3N, which encodes a different sequence
upstream of position +20. Comparison of (A or C) and (D) demonstrates that the identities
of the 3’ additions change significantly. The total number of sequence reads in the pool are
shown at the bottom of each set. The reader is cautioned that while the generally good
agreement between replicates A and B indicates a high level of reproducibility in the assay,
factors such as (reproducible) ligation bias likely contribute more to uncertainties and
should limit subtle interpretations of the data.
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replicate

47,356

33,967

GG Starts
Filter for lengths ≥31 bases

4,094

2,750

GGNNNNN

Filter for upstream key
sequence at position +8

3,644

2,438

GGNNNNNGUAGAG
+8
Analyze for any 4 base
inverse complement pair

3,520

GGNNNNN

2,340

Filter for inverse key
sequence CUCUAC anywhere

2,305

1,487

GGNNNNNGUAGAG

CUCUAC

Filter for sequences with
at least 2 bases beyond key

993

630

GGNNNNNGUAGAG

Test for inverse complement
match in randomized region

GGNNNNNGUAGAG

CUCUACnn

GGNNNNNGUAGAG

CUCUACnnn

GGNNNNNGUAGAG

CUCUACnnnn

…

CUCUACxx…

e.g., nnn= inv compl(NNN)

exact match

≥1 mismatch

cis

trans

79%

(783)

76%

21%

(478)
replicate

(210)

24%

(152)
replicate

Figure A2 Estimation of cis vs trans initiated distributions. In order to assess whether a
transcript initiated from self-templating (cis) vs templating from another RNA (trans), we
utilized the fact that the original DNA template encodes randomized bases from position
+3 through +7. Following the flow chart below, data were filtered for only RNAs that read
into that key sequence region, plus at least two bases beyond. A sequence is tagged as cis
only if the (entire) sequence past the key sequence is the exact inverse complement of the
corresponding region of the initial sequence. Note that the requirement for an exact
sequence match likely underestimates the percentage of reactions that were cis in origin.
True cis-derived transcripts that subsequently (distributively) add even one additional base
are tagged as trans.
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Figure A3 Lane profile traces of electrophoretic data. In order to allow more quantitative
comparisons of the RNA gels in figures 2.6B and 2.7B, the following analyzes each lane
for the relative amounts of each product (or range of products). As lanes were loaded
differently, each trace is normalized to itself, allowing assessment of the relative amounts
of encoded 24mer and longer primer-extended RNAs. Gels were analyzed using ImageJ
v1.51. Note that “High 5N” and “High 3N”in Figure 2.6B and “5N” and “3N” in Figure
2.7B serve effectively as replicates, respectively.
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Figure A4 Quantitative scan of electrophoretic gel data presented in Figure 3.1. The gel
images from that Figure are reproduced here for convenience.
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Figure A5 Quantitative scan of electrophoretic gel data presented in Figure 3.2. The gel
images from that Figure are reproduced here for convenience.
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24

–+

RNA-24:

24B

–+

400 µM
Capture

5’- GGAGGUAGUAGAGGUGAAGAUUUA -3’

Capture-17:

3’-H2N-CATCTCCACTTCTAAAT -5’

RNA-24B:

5’- GGAGGUACUACGUCGAUGCAUAUC-3’

24

Capture-17B: 3’-H N-GATGCAGCTACGTATAG-5’
2
Figure A6 Generality of capture DNA to prevent primer extension for different RNA
sequences. Denaturing (20% urea) gel analysis of 4 h high yield transcription reactions.
Transcripts were labeled by [α-32P] ATP. Lanes “24B” indicate that template encoding
RNA-24B generates high abundance of primer extension products, which then is inhibited
in the presence of capture DNA (similar to RNA-24)
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Figure A7 Quantitative scan of electrophoretic gel data presented in Figure 3.3. The gel
images from that Figure are reproduced here for convenience.
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Figure A8 Quantitative scan of electrophoretic gel data presented in Figure 3.4. The gel
images from that Figure are reproduced here for convenience.
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